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Abstract
Low NOx power plant furnaces have encountered major problems with high-temperature
corrosion of the waterwall boiler tubes. The unacceptable wastage has been attributed to sulfur
rich gasses that promote the formation of non-protective sulfides on the surface of the currently
used boiler tubes. The boiler tube corrosion problem is compounded by the accumulation of
sulfur rich slag on the boiler tube surface. The objective ofthis research was to develop corrosion
resistant iron-aluminum based coatings that can be deposited as either a weld overlay cladding or
a thermal spray coating.
Weld overlay coatings containing 7.5-lOwt%Al and 0-5wt«>/oCr were chosen as
experimental alloys for gaseous corrosion testing and gas-slag corrosion testing. Two alloys also
contained titanium additions to determine if titanium had any effect on the corrosion behavior of
Fe-AI-Cr alloys. High-Velocity Oxy-Fuel (HVOF) thermal spray coatings containing aluminum
contents greater than the weld overlay claddings were chosen for gaseous and gas-slag corrosion
testing as well. The corrosion tests were carried out at 500°C in three different gaseous corrosive
environments for 100 hours. The gaseous environments used for testing ranged from a
sulfidizing environment (high Ps2, low P02), to a mixed oxidizing/sulfidizing environment
(intermediate Ps2, P02), to an oxidizing environment (low Ps2, high P02). The slag found on the
surface ofboiler tubes was simulated by placing FeS2 powder in contact with the test material and
then blowing corrosive atmospheres over the setup.
Gaseous corrosion tests were carried out in a furnace that measures weight changes over
time. Kinetic data was initially used to describe the corrosion behavior of the alloys. It was
found that the scale morphology must be considered in detail to determine whether an alloy was
protective or not. Based on these characterization methods, it was found that alloys required
lOwf/oAl to significantly reduce the amount of corrosion that occurs after 100 hours ofexposure
in all three gaseous environments. To completely prevent unwanted corrosion from occurring
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chromium additions of Swf'1O were required. Gas-slag corrosion testing showed similar results to
the gaseous corrosion testing. To prevent significant inward growing corrosion from occurring in
an alloy exposed to FeS2 powder while in contact with the mixed atmosphere and the oxidizing
environment, 10wf'IOAl was required. Additions ofSwf'IOCr to alloys containing 10wt%Al helped
prevent any corrosion from occurring in the gas-slag environments, as well.
HVOF thermal spray coatings containing 16wf'/oAl and 21wf'IOAl were exposed to the
mixed oxidizing/sulfidizing environment and the oxidizing environment both with and without
FeS2. The HVOF thermal spray coatings contained relatively low amounts of oxides and
porosity, which indicated that they were good quality coatings. Thermal spray coatings exposed
for 100 hours in these environments either developed cracks that ran along or parallel to the
coating/substrate interface, suffered a significant coating thickness loss, or they formed corrosion
products at the coating/substrate interface. Coatings exposed to the mixed oxidizing/sulfidizing
environment for 4S0 hours demonstrated significant coating thickness loss as well as large
amounts ofcorrosion both on the surface ofthe coating and at the coating/substrate interface.
Overall, it was determined that HVOF thermal spray coatings are unacceptable for the
protection of waterwall boiler tubes found in Low NOx power plant furnaces. Weld overlay
coatings were found to be protective with aluminum contents ofat least 10wf'IOAl and chromium
contents of Swt%. Although the alloy compositions used in this study have been shown to be
protective in these environments, the welding behavior of these alloys is unknown. Future work
will focus on the weldability of Fe-Al-Cr alloys to determine the maximum aluminum and
chromium concentrations that can be achieved when depositing Fe-AI-Cr weld overlay claddings.
The corrosion behavior of these welds will-then be determined and evaluated.
2
,1. Chapter 1: Low NOx Waterwall Corrosion
1.1. Introduction
New clean air regulations have called for a reduction in the emission of NOx, a known
carcinogen produced from coal combustion in fossil-fueled power plants. In order to reduce the
NOx emission, the design of the burner and the combustion process have been changed in Low
NOx furnaces. This new combustion procedure has caused unacceptable corrosion wastage of
214 Cr-Mo steel boiler tubes. Conventional furnaces generally formed compounds such as S02 in
the gaseous environment. These compounds are less corrosive at the boiler wall temperatures as
they form slower growing oxides. The new combustion parameters result in the formation of
H2S, which causes accelerated corrosion due to the formation of faster growing, porous sulfide
scales with high defect structures. In addition to the gaseous corrosion found in Low NOx
burners, sulfur rich slag deposits accumulate on the boiler tube walls. The sulfides found in these
slag deposits are in intimate contact with the· boiler tube material. Therefore, at high
temperatures, rapid diffusion between the slag components and the substrate can contribute to the
accelerated wastage found in these types ofcombustion burners.
Since the clean air regulations, corrosion resistant alloys have been considered as
replacement materials for the steel tubes and as coatings to protect the underlying burner walls.
Replacing the burner walls with a corrosion resistant alloy is a long and expensive process, so
coatings such as weld overlays and thermal sprays have been the focus· of research. Typically,
superalloys and stainless steels have been used as weld overlay coatings1,2. These coatings are
known to be expensive and form a brittle interfacial layer, which can be detrimental to corrosion
resistance under thermal cycling conditions where differences in thermal expansion coefficients
could cause the coatings to flake off. Recently, much work has been done investigating iron-
aluminum based alloys as coatings. .Iron-aluminum alloys have demonstrated lower oxidizing
and sulfidizing corrosion rates than traditional stainless steel coatings due to the formation of
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aluminum rich scales rather than iron or chromium rich scales3• Iron-aluminum alloys are also
less costly than stainless steels due to the major alloying element being aluminum rather than
chromium4• Ternary additions to iron-aluminum based alloys are now being investigated to help
improve thermal cycling and overall corrosion behavior5,6.
Iron-aluminum alloys have demonstrated a sharp decrease in strength at approximately
600°C and are difficult to form due to low ductility at room temperature l . These alloys are
therefore poor choices for structural applications but are potentially good candidates for coatings.
Weld overlays up to lOwt&IoAl have been shown to be readily weldable and resistant to hydrogen
cracking, which occurs above 1Owt%Af. These weld overlays have also demonstrated superior
corrosion resistance to commercial coatings3,8. Thermal sprays utilizing the High Velocity Oxy-
Fuel (HVOF) procedure have resulted in good quality coatings as well. HVOF thermal sprays
have demonstrated low porosity and oxide inclusions in contrast to Arc Plasma Sprays (APS),
which usually contain high amounts ofoxides and interconnected porosity 9. Weld overlays have
a better bond to the substrate than thermal sprays due to a metallurgical bond during mixing. On
the other hand, thermal sprays do not crack due to hydrogen embrittlement ,unlike the weld
overlay coatings. Iron-aluminum coatings must be extensively studied to determine the best
candidate alloy and coating process to protect the bo~ler walls.
This review will focus on the problem of accelerated corrosion of waterwalls due to the
Low NOx combustion process. General high temperature gaseous corrosion will be reviewed.
Thermodynamics will be discussed with respect to phases that may form on pure iron, binary
iron-aluminum alloys, and iron-aluminum alloys with ternary additions in these environments.
General kinetics of corrosion will be discussed and related to the types of scales that may form.
Literature pertaining to the corrosion of pure iron, binary iron-aluminum alloys, and iron-
aluminum based alloys with ternary additions will be reviewed in the final sections of this
chapter.
4
1.2 Low NOx Combustion Process
Burning coal in coal-fired power plants can result in very dynamic environments.
Traditionally, the environments seen in these coal-fired burners consisted mainly ofSOzand NOx
(a collective term for NO and NOz compounds). Emission of NOx compounds from these
burners has been identified as a health hazard for a long timelO• Identifying and controlling the
amount of SOz given off is a relatively easy process. NOx gases, on the other hand, are difficult
to identify and are therefore more difficult to control.
A product from burning coal is nitric oxide (NO), which oxidizes very easily to nitrogen
dioxide (NOz). The latter has been identified as a carcinogen as well as a large contributor to air
pollution as it is the major component to smoglO• Clean Air Act regulations have focused on
reducing the amount ofNOx gasses that are released into the atmosphere. Industrial fossil-fueled
power companies primarily use two ways to reduce the amount ofNOx emissions. One method
is to add post-combustion equipment to the furnace to chemically remove the NOx. The other
method involves adjusting the burner parameters and the combustion process so that the NOx
gasses reduce to safe compounds.
The first method consists of removing the NOx compounds by chemically treating the
gas stream after the combustion process is complete. There are many techniques of chemically
removing the NOx from the flue gas, but most of these methods can be generally grouped as
selective catalytic reduction (SCR)IO. These SCR methods are very efficient, as up to 80% ofthe
NOx gas can be removed, but they are also very costly. Not only is this type of process
expensive to operate, but extra equipment must be installed into the boiler, which adds to the
overall cost.
Rather than add new control equipment to the furnace, many plants realized the operation
conditions of the furnace could be modified to lower the amount of NOx that is formed during
combustion. This method consists of adjusting the air/coal ratios, the burner placement, and the
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timing of mixing air and fuel 1o• There are two sources of nitrogen in the combustion process: the
coal and the air used for combustion. The furnace conditions will control the nitrogen reaction
and form either NO or N2, the fIrst being very reactive and the later being a non-reactive
compound. The amount of NOx that comes from the nitrogen in air can be controlled fairly
easily by delaying the mixing of the fuel and the airlO• The delaying process must be carefully
controlled because too long a delay could reduce the combustion efficiency. In order to eliminate
the NOx coming from the coal (the major contributor) a staged combustion reaction can be
created within the furnace. This process consists of having a fuel-rich combustion zone initially,
and adding air gradually in second and third combustion zones higher up in the furnace so that
complete burnout can occurlO• This process results in the formation ofN2 rather than NO and is
utilized in many Low NOx furnaces.
1.2.1 Gas Environment
The staged combustion used in most modifIed furnaces not only reduces the NOx gases
formed during combustion but they also reduce the stable 802 gases. The reduction of 802
creates a highly reducing environment that has caused· accelerated corrosion on the waterwall
tubes. Previously, the waterwall tubes showed corrosion due to oxidation, but the oxide scales
that formed provided a protective layer, which reduced the corrosion rate. After modifIcations,
the atmosphere in the furnace changes from an oxidizing environment to a sulftdizing
environment and instead of forming a protective oxide layer, an iron-sulfIde scale dominates the
surface ofthe waterwall tubes ll . The iron-sulfIdescale is less protective than the iron-oxide scale
so corrosion rates are accelerated. In fact, waterwall tubes that previously had operating lives of
12-15 years are now failing after only four years in servicell .
Initially, when the coal and air are mixed, the fuel/air ratio is high and a reducing
atmosphere is present along the walls of the burner. This section of the furnace is where most
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waterwall wastage occurs due to the high amount of sulfur from the coal and the low amount of
oxygen that is present in the atmosphere. The reducing environment seen in this area can contain
H2S, CO, and chlorine gas12• Gabrielson and Kramer measured the amount of reducing gasses
that can be found adjacent to the waterwall tubes in a typical furnace13• They found that the
atmosphere at the furnace walls consisted ofhigh amounts of CO (11-12%), high amounts ofHzS
(up to 100Oppm), and low amounts ofO2 (less than 0.1%).
The amount of HzS, CO, and chlorine will vary depending on the furnace conditions and
the makeup of the coal used as fue114. The gasses present can change dramatically even within the
same furnace as test probes directly next to each other produced different results. Although
Gabrielson and Kramer measured the reducing gasses, they only used 12 test probes and the data
varied from point to point along the wall. Therefore, the atmosphere reported above should be
used only as a reference and not for quantitative analysis ofthe environment.
1.2.2 Slag Deposits
High temperature corrosion can be accelerated due to .ash deposits and molten slag that
can accumulate on the boiler tube walls. Flame impingement from the burner can increase the
amount of ash and unburned coal reaching the furnace walls, which can further accelerate the
waterwall wastage. The accumulation of these deposits transforms into a layer of slag, which can
contain various reactive species. For example, slag can contain chlorine and sulfur from the
unburned coal as well as excess carbon from ash14. In contrast, furnaces prior to retrofitting were
found to have slag accumulations that consisted mainly of ash deposits and contained little or no
chlorine and sulfur14.
Slag collections from actual boilers have shown that FeS (troilite) can be found in areas
where corrosion losses were high15. FeS will form due to incomplete decomposition of pyrite
(FeSz) during the combustion process. Pyrite, which is found in coal, may not be able to reduce
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completely to FeO, due to a low amount of oxygen in the atmosphere, and instead form FeS15•
Upon combustion, flame impingement could possibly deposit all three ofthese compounds: pyrite
(FeS2), troilite (FeS), and wustite (FeO) on the boiler tube walls.
Sulfates and chlorides of alkaline metals (Na, K) and alkaline earth metals (Ca) can also
be found deposited on the walls in some coal combustion furnaces. The specie that forms will
depend primarily on the coal makeup and the conditions of the boiler16• The high temperatures
present in the furnace may be high enough to partially melt the slag deposit. The waterwall tube
temperature (~ 450-700°C) is not high enough to form a liquid slag adjacent to the tubes, but an
outer layer of liquid slag could resultll . The presence of alkaline sulfates and chlorides can
contribute to reducing the melting point of the ash deposits by 300-550°C16• An outer layer of
molten slag will influence the chemical composition and can increase the solid-state reactions
occurring along the waterwalls.
1.2.3 Summary
Attempting to alter the burner conditions to reduce the amount of NOx emissions from
coal-fired power plants has resulted in unacceptable corrosion rates along the furnace walls. The
main contributor to these accelerated corrosion rates is the furnace atmosphere changing from an
oxidizing to a reducing environment. The reducing atmosphere seen in most retrofitted furnaces
contains R2S, CO, and chlorine gas (RCI). Slag consisting of ash, unburned coal, sulfides, and
chloride deposits on the furnace walls can increase the reaction rates at the surface of the
substrate. In order to understand the reactions that take place during exposure, it is important to
discuss the factors that influence the corrosion behavior of an alloy. Therefore, in the next
section general high temperature corrosion will be discussed and the factors affecting the high
temperature corrosion will be considered in detail.
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1.3 High Temperature Corrosion
There are various ways that a corrosive species can attack a material. For high
temperature applications, such as furnace wall coatings, the types of corrosion that must be
considered are gaseous, solid-state, and mixed gaseous/solid-state corrosion. The fIrst involves a
reactive gas, such as oxygen, sulfur, or nitrogen, coming in contact with a solid material at high
temperature. Solid-state corrosion involves a reactive solid species, such as a sulfIde or chloride,
in contact with a metal. When both types of corrosion occur, reactions between the gas and slag
could contribute further to waterwall wastage. Diffusion plays an important role in both gaseous
and solid-state corrosion. Therefore the diffusion ofmetal and reactive specie through the scale is
an important consideration during corrosion. Although the mechanism for each type of corrosion
may be different, the main factors influencing the corrosion resistance of a material are
thermodynamics, kinetics, and morphology of the corrosion products present on the alloy. The
scale that forms will be governed by the thermodynamics of the system. How fast the scale
covers the material is controlled by the kinetics of the scale growth. How protective the scale is
to the material depends not only on what type of scale is present, but also on the morphology of
the scale. Therefore, the following sections will outline the diffusion mechanisms for scale
growth, the thermodynamics of systems of interest, kinetics of scale growth, and scale
morphologies that can form.
1.3.1 Diffusion Controlled Corrosion
As previously mentioned, gaseous corrosion occurs when a reactive gas comes in contact
with a solid at an elevated temperature. The gas adsorbs to the solid and they react to form a
scale at the gas-solid interface. A general reaction between a metal and oxygen can be seen as:
M(s) + Y202(g) =MO(s)
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(1)
where the oxide (MO) acts as a barrier between the metal (M) and the oxygen gas (02), If the
reaction is to occur any further, either oxygen or metal ions must travel through the oxide scale to
react at either the gas-oxide interface or at the metal-oxide interface. Therefore, ionic
transportation paths used by the metal and reactive specie are important factors when considering
the mechanisms of high temperature corrosion. The basic transportation mechanisms for cations
and anions through the oxide scale are diffusion controlled. Fast transportation of metal cations
and gas anions can also occur along oxide grain boundaries or at macroscopic scale defects, such
as cracks. These sites act as fast diffusion paths, sometimes referred to as short circuit paths1? If
a crack is present in an oxide scale, the gas can travel into the crack and react directly with the
metal. This can increase the corrosion rate substantially. The following will describe the
diffusion mechanisms for ion transport in oxides, which apply not only to oxides but to sulfides
as well.
There are a few mechanisms available to explain how the metal cations or oxygen anions
are transported through the scale. Ions can move through ionic defects, they can move due to
varying valency, and through grain boundaries or macroscopic defects. The first mechanism for
the transportation of ions applies when there are ionic vacancies within the oxide lattice. There
are two main types of defects that can be seen in ionic compounds: Schottky and Frenkel defects.
Schottky defects have an equal number of cation and anion vacancies in order to maintain
electrical neutrality. If Schottky defects are present, it can be assumed that both cations and
anions will be mobile. Frenkel defects assume a perfect anion lattice where cation vacancies are
present. If Frenkel defects are present, it can be assumed that only cations will be mobile.
Although, defects are found predominately in stoichiometric compounds, they can also be seen in
non-stoichiometric ionic compounds as well. The second mechanism for ion transportation in
non-stoichiometric compounds comes from the fact that the metal to non-metal ratio does not
exactly match the chemical equation, even though the compound has no electric charge. This can
10
be explained by assuming that either the cation or anion has variable valency. For example, Fel_
50 is a non-stoichiometric ionic compound but it is electronically neutral due to Fe2+ and Fe3+
ions being present in the lattice. Although both cations and anions can diffuse through the scale,
most common metals grow oxides primarily by the outward diffusion ofmetal cationsl8.
1.3.2 Thermodynamics
Thermodynamics play an important role in determining what type of oxide may form in a
high temperature, corrosive environment. Although thermodynamics alone will not predict what
oxide will form in a certain environment, it can tell what reactions are possible and therefore what
oxide species may be present. There are various tools that can be used to determine what phase
may be present in a given environment. The two most commonly used diagrams are the
equilibrium phase diagram and phase stability diagrams.
1.3.2.1 Equilibrium Phase Diagrams
Equilibrium phase diagrams can give a large amount of information about a system
including what stable phases can be present, solubility limits, melting and· solidification
temperatures. Equilibrium phase diagrams are limited though, as they provide no information on
how rapid a phase will form. Binary equilibrium phase diagrams plot temperature versus
composition on the axes and the possible phases are displayed within the graph. Typically, binary
equilibrium phase diagrams can be constructed for an alloy with two components or a pure metal
and one reactive species. Ternary equilibrium phase diagrams are typically isothermal sections of
phases that may be present in a system with three elements. Ternary equilibrium phase diagrams
can be constructed for an alloy with three components, a binary alloy and one reactive species, or
a pure metal and two reactive species. Because ternary phase diagrams are typically isothermal
11
sections, they must be specific to the temperature of the system. Otherwise, the phase
coexistence lines may shift, resulting in an inaccurate depiction of the system.
Various binary and ternary equilibrium phase diagrams will be reviewed in the following
sections to describe the iron-aluminum system and the significant phases that may be seen during
corrosion studies. First the pure iron system will be considered, followed by binary iron-
aluminum system, and then the iron-aluminum system with ternary alloy additions will be
covered. These diagrams and phases will be used later to describe the corrosion behavior ofthese
alloys.
Fe-O Equilibrium Phase Diagram!9
Prior to the burner parameter changes that decreased the amount of NOx emissions in
coal-frred boilers, the environment in the burner was predominately an oxidizing environment
(high Po2, low Ps2). Considering the iron-oxygen equilibrium phase diagram (Figure 1), only a
few reaction products are stable phases at temperatures below 800°C. The three dominant phases
that are stable at lower temperatures are Fe!-110 (wustite), Fe304 (magnetite), and Fe203
(hematite). Wustite is stable only until 570°C, whereas magnetite and hematite are stable to room
temperature.
Fe-S Equilibrium Phase Diagram20
A change in furnace conditions resulted in an environment shift from an oxidizing to a
predominately sulfidizing environment (high Ps2, low P02). The Fe-S equilibrium phase diagram,
seen in Figure 2, shows the various types of iron-sulfide scales that may form in these types of
environments. Fe!-llS (pyrrhotite) is a non-stoichiometric compound with a few polymorphs.
Higher sulfur concentration gives rise to FeS2, which is either pyrite or marcasite depending on
whether it has a simple cubic or orthorhombic crystal structure, respectively.
12
Fe-AI Equilibrium Phase Diagram21
When adding aluminum to iron, multiple iron-aluminum phases can be present over a
wide range of aluminum concentrations. The iron-aluminum equilibrium phase diagram (Figure
3) shows a number of phases that can be present. At low aluminum concentrations, a disordered
solid-solution known as (a.Fe) can be seen up to around llwfloAl. At higher aluminum
concentrations, the disordered solid-solution will transform into either FeAI or Fe3AI, both of
which are ordered bcc structures. At low temperatures, Fe3AI can be seen between 13-20wfIoAI,
and FeAI can be present between 20-32wt%Al. At elevated temperatures, FeAI can solely be
present and contain up to 37wt%Al. At higher aluminum contents, the phase FeAlz can be seen at
around 49wt%AI, Fe2AIs can be present between 53-57wt%AI, and FeAh can be seen between
58-61wfioAl.
Looking specifically around the Fe3AI phase field, it can be seen that at lower
temperatures «300°C) the disordered a-Fe phase begins to transform into an ordered Fe3AI (D03
crystal structure) phase at approximately 10wf/oAI (19at%AI). There have been multiple
proposed phase diagrams around this region, but the most widely accepted is the diagram
proposed by Rimlinger, which can be seen in Figure 422. The two-phase region containing both
the disordered a.-Fe and the ordered Fe3AI phase continues from approximately 10wt%AI to
12.5wt%AI (19-23at%AI). At 12.5wt%AI, the two-phase field a. + Fe3AI changes completely to
the ordered Fe3AI phase. The single-phase region of ordered Fe3AI is present to approximately
17wfioAI (29.5at%AI) when it begins to transform to the ordered FeAI phase (B2 crystal
structure). A two-phase ordered region-of Fe3AI + FeAI can be seen up until approximately
22wf/oAI (37at%AI) where it completely transforms to the ordered FeAI phase. It should be
noted that the dotted lines in Figure 4 represent a magnetic transformation and the subscripts m
and n correspond to magnetic and non-magnetic phases.
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AI-O Equilibrium Phase Diagram23
In order to determine the scales that could be seen in oxidizing and sulfidizing environments, the
AI-O and AI-S equilibrium phase diagrams must be considered. The AI-O phase diagram, seen in
Figure 5, shows that the only stable phase is a-Ah03. Although this may be the only stable phase
for this system, multiple metastable phases have been reported. Upon reviewing alumina scales
on high-temperature alloys, Prescott and Graham found that three metastable alumina polymorphs
could be found on iron-aluminum based alloys24. They reported that alloys in the temperature
range of 500.,900°C will form primarily a y-Ah03 scale, whereas 8-Ah03 will form from 900-
1000°C. Some authors have reported the detection of 8-Alz03during the transition from y-Ah03
to a._AhO/S-28. They report that 8-Ah03 can be found within the temperature range of 750-
900°C28. Above 1000°C, a polymorph will slowly transform to the stable phase a-Ah03, which
has a structure based on a hexagonal sub-lattice of oxygen anions with aluminum cations in the
interstitial sites. All three alumina polymorphs are based on a fcc sub-lattice of oxygen anions
with the aluminum cations arranged differently in the interstitial sites29. y-Ah03 typically can be
seen as larger crystals that grow epitaxially from the substrate, whereas a.-Ah03 is seen as small
crystals, which are randomly oriented30.
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AI-S Equilibrium Phase Diagram31
When considering a sulfidizing environment, the AI-S equilibrium phase diagram can be
seen inFigure 6. At lower temperatures, it can be seen that a-AhS3 is the only stable phase ofthe
AI-S system. a-AhS3 will remain stable up to around 1000°C, where it will transform to y-AhS3.
It should be noted that AhS3 has a relatively low melting point as y-AhS3 melts at about 1100°C.
The low melting point of this phase presents a potential problem, especially at high temperatures
where the phase may liquefy and cause rapid diffusion of sulfur into the substrate. At burner
temperatures, which is around half the melting point of AhS3 (approximately 450-700°C), the
scale will not liquefy but the diffusion of ions will be greatly accelerated, which could lead to
more rapid scale growth.
Fe-AI-O Equilibrium Phase Diagram32
In order to consider the oxidation behavior of Fe-AI based alloys, it is important to
understand the phases that could be present. The ternary equilibrium phase diagram of Fe-AI-O
at 700°C can be seen in Figure 7. The only new phase that should be mentioned is a cubic spinel
phase known as hercynite (FeAh04), which is commonly referred to as sigma (0'). Although this
is the only new phase that may form in this system at this temperature range, multiple phases can
coexist with one another. Therefore, many of the phases discussed earlier for the Fe-AI, Fe-O,
and AI-O systems may also be present.
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Fe-AI-S Equilibrium Phase Diagram33
The possible phases that could form during the sulfidation of binary iron-aluminum
alloys can be seen in the Fe-AI-S ternary equilibrium phase diagram at 900°C (Figure 8). The
900°C isothermal section was used because it provides the best representation of burner
conditions out of the available diagrams. Again, only one new phase comes from the addition of
sulfur to the iron-aluminum system. Similarly to the Fe-AI-O system, the new phase that can be
presenfin the Fe-AI-S system is the spinel FeAhS4 (commonly referred to as't). As in the Fe-AI-
o system, multiple phases can now be present during the sulfidation of binary iron-aluminum
alloys.
Cr-O Equilibrium Phase Diagram34
Chromium is added to binary iron-aluminum alloys in order to help protect against
oxidation attack. It is therefore important to determine possible phases that may form when
chromium is exposed to oxygen. The chromium-oxygen equilibrium phase diagram can be seen
in Figure 9. The most important phase to note in this partial phase diagram is the line compound
Cr203. This phase is stable over a wide range of temperatures and has an hcp crystal structure,
similar to a-Ah03. Less common phases that could possibly form and are not shown on the
diagram are Cr304, cr02, Cr5012, Cr6015, and cr03.
Cr-S Equilibrium Phase Diagram35
There are several chromium sulfides that could possibly form when chromium is exposed to a
sulfidizing environment. According to the chromium-sulfur equilibrium phase diagram (Figure
10) a number ofphases are stable at low temperatures. These include CrI.03S, Cr3S4, Cr2S3, Cr5SS,
Cr2S5, and CrS, which is stable over a wide range of temperature but begins to decompose at
around 580°C.
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Ti-O Equilibrium Phase Diagram36
Titanium traditionally has been added to iron-based alloys to improve oxidation
resistance. Therefore the titanium-oxygen binary phase diagram can be seen in Figure 11. When
looking at the titanium rich side of the diagram, it can be seen that there are several phases that
could be present at lower temperatures. Phases such as ThO, ThO, a-TiO, ~-TiO, Th.xO, and ~­
Th03 some phases that could form. Probably the most commonly seen titanium oxide is rutile
(Ti02), which is a line compound with a composition of4QwtOIoO.
Ti-S Equilibrium Phase Diagram37
Although the Ti-O equilibrium phase diagram has been studied in some detail, not much
work has been done on the titanium-sulfur binary phase diagram. The published Ti-S equilibrium
phase diagram can be seen in Figure 12, but it should be noted that the equilibrium coexistence
lines between phases are very uncertain. It is noted in the literature that the solid lines shown on
the diagram are to enhance clarity rather than indicate a defmitive phase boundary. Although the
exact phase boundaries are unknown, the stable phases that have experimentally been observed at
lower temperatures can still be seen. Some of these phases include Ti6S, ThS, ThS, TiS, TigS9,
TiS2, and TiS3, but other non-stoichiometric phases can be seen between 47-54wt%S.
1.3.2.2 Phase Stability Diagrams
Phase stability diagrams serve a similar purpose to equilibrium phase diagrams, as they
show what phases are stable in a specific isothermal environment. Phase stability diagrams are
used primarily for gaseous environments because they plot phases with respect to partial
pressures of reactive species. Stability diagrams are typically two-dimensional, isothermal
diagrams that can plot the stable phases for one metallic element and two reactive elements.
Typically, two-dimensional phase stability diagrams for pure elements are used because they are
24
easiest to interpret and can be superimposed to show possible phases that may be present for
alloys. Three-dimensional phase stability diagrams for binary alloys may be more representative
of binary systems, but are difficult to construct and interpret. Phase stability diagrams for
multicomponent alloys are currently being explored through the use of the Thermo-Calc
computer program38• Producing multicomponent alloy phase stability diagrams would be very
beneficial as they would be the most representative diagrams obtainable for alloys in corrosive
environments.
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Two-dimensional phase stability diagrams can be constructed usmg the software
program HSC Chemistry for Windows39. Stability diagrams can also be constructed by plotting
the equilibrium coexistence lines between two condensed phases using equilibrium equations. A
general equilibrium equation can be written as:
(2)
The activities of the condensed phases (aMS, aM203) and the partial pressures of the
gaseous phases (Po2, Ps2) can then be used to create the equation:
K= @M.2t*(Pszi (3)
(aM2S3i*(po2i
where K is an equilibrium constant. If the assumption that the condensed phases are in their
standard states is made, the activities are equal to one and equation (3) simplifies to:
K= (Psd (4)
(Po2i
The total free energy ofthe reaction (dG) is then given with respect to K as:
dG = -RT* m(K) (5)
where R is the universal gas constant and T is the absolute temperature. Equation (5) can then be
rearranged in terms ofK so that it is given with respect to known values (dG, R, and T):
K = exp (-dG/RT) (6)
Equation (6) can then be substituted into equation (4) and rearranged to obtain an expression for
PS2 in terms ofPo2:
PS2 = exp (-dG/RT)*(Pod12 (7)
This expression can then be used to obtain the phase stability diagram for the two condensed
phases. Some important phase stability diagrams are briefly discussed in the next section.
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Fe-O-S Phase Stability Diagram39
Considering the Fe-O and Fe-S equilibrium phase diagrams, there are a number of phases
that could possibly be present at furnace temperatures. Overall, the phases that could be present
include Fel-SO, Fe304, Fe203, FeS, Fel-SS, and FeS2. In order to determine what phases wi11likely
be seen in the furnace environment, a phase stability diagram can be constructed for the Fe-O-S
system. The Fe-O-S phase stability diagram at 500°C can be seen in Figure 13. It can be seen
from this diagram that at a high oxygen partial pressure and low sulfur partial pressure, Fel-SO
and Fe304 can be present (depending on the overall partial pressure of oxygen). On the other
hand, as the sulfur partial pressure increases and the oxygen partial pressure decreases, Fel-SS
becomes the dominant phase. At a very high oxygen partial pressure Fe203 is stable, whereas at
very high sulfur partial pressure the environment is sulfidizing and FeS2 is stable. It is important
to note that the sulfates FeS04 and Fe2(S04)3 are stable at high oxygen and high sulfur partial
pressures.
AI~O-S Phase Stability Diagram39
It is important to comment on the stability of Ah03 over AhS3 in mixed
oxidation/sulfidation environments. Aluminum's affinity for oxygen in higher than it's affinity
for sulfur, so Ah03 is stable instead of AhS3 even to very high sulfur and low oxygen partial
pressures40. This can clearly be seen in the AI-O-S phase stability diagram shown in Figure 14.
As can be seen by this diagram, Ah03 will be the stable phase in a mixed environment up until
there is almost a purely sulfidizing environment. Although Ah03 is the stable phase in these
environments, it is a slow forming scale and if sulfides are present they may outgrow and
consume the Ah03 phase. Again it is important to note the aluminum sulfate, Ah(S04)3, is stable
at high oxygen and sulfur partial pressures.
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Cr-O-S Phase Stability Diagram
The Cr-O-S phase stability diagram at 500aC can be seen in Figure 15. As can be seen
by the diagram, various phases can be stable depending on the environment. At high sulfur
pressures sulfides, such as CrS or Cr2S3, can be stable. On the other hand, at high oxygen partial
pressures, chromium oxides, such as Cr203 and cr02, are the stable phases. Again at high
oxygen and sulfur partial pressures the sulfate Cr2(S04)3 is the stable phase.
Ti-O-S Phase Stability Diagram
The Ti-O-S phase stability diagram at 500aC can be seen in Figure 16. It can be seen
from this figure that there are several titanium sulfides that can be stable at high sulfur partial
pressures and low oxygen partial pressures. Some of these stable titanium sulfide phases at
500aC are TiS, TiSI-li, TiS2, and TiS3. On the other hand, at higher oxygen partial pressures and
lower sulfur partial pressures there are several titanium oxides that are stable. These include TiO,
Th03, Ti40 7, and Ti02.
Although thermodynamics may determine the oxide phases that could possibly be
present, it alone cannot fully predict what may be present. Thermodynamically, multiple oxides
may be stable at a certain temperature and composition, but only one oxide may be seen. This
could occur if one oxide overgrows a second oxide and prevents rapid diffusion or if the oxide.
that forms has macroscopic cracks and another oxide can form within the cracks. There would be
no way to predict this type of behavior from thermodynamics alone because thermodynamics
gives no information about how fast each oxide will grow. In order to better predict the scales
that may form during high temperature corrosion, kinetics of the system must also be
incorporated.
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1.3.3 Kinetics
Kinetics describes the rate at which a phase will form and grow. Kinetic data can be obtained
roughly through measuring scale thickness after a certain exposure time. The thickness of the
scale can be compared to the time of exposure to fmd a corrosion rate. A more accurate method
to find kinetic data is to measure the weight change versus time of exposure. Usually, when
considering high temperature corrosion, kinetic data is best obtained using a thermogravimetric
balance. This plots the weight change of the sample versus time at specific conditions. For most
materials, an increase in weight occurs during oxidation (or sulfidation) due to the metal
absorbing the reactive gas and forming a scale on the surface of the material. A decrease in
weight can be interpreted either as the scale separating from the substrate, known as spallation, or
as a volatile reaction product evaporating. In the present case of an iron-aluminum alloy exposed
to oxygen and sulfur, a weight loss can be interpreted as spallation because a volatile product is
unlikely at the boiler temperatures. Because the amount of oxide is related to the weight gain of
the sample, the corrosion rate can be found from these plots as the weight change over time.
Generally, the corrosion rate ofthe material will determine by the slope ofthe curve.
The rate at which an oxide will grow is primarily based on the barrier between the
reactive gas and the metal substrate. The corrosion rate depends on the rate-limiting step of the
reaction. If the metal and gas are in direct contact with one another, the corrosion rate will be
relatively constant and the oxide will grow directly with time. If a continuous, dense, and
uniform oxide scale is present between the metal and gas, the corrosion rate will be fast initially
and then decrease as the scale thickness increases. Taking this approach, the rate ofcorrosion can
be generalized into three types: linear, parabolic, and logarithmic.
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As mentioned above, if the metal and reactive gases are in direct contact with one
another, the corrosion rate is constant. This means that the weight gain of the sample will
increase linearly with time. This can be represented by the general equation:
(8)
where w is the weight gain per area, t is time, kl is the linear rate constant, and C is an integration
constant. This type of corrosion can be considered to follow linear kinetics and an example of
weight gain corresponding to linear scale growth can be seen in Figure 17. Linear growth
kinetics are typically seen at the beginning ofoxidation where a unifonn scale has yet to fonn and
completely cover the sample. This type of growth kinetics can also sometimes be seen if the
scale is non-adherent and spalls, if a sufficient· amount of cracks or macroscopic defects are
present in the scale, or if the oxide scale is porous. Generally, when there is direct contact
between metal and gas, linear kinetics can be expected.
Assuming a unifonn, continuous, and dense scale completely surrounds the metal
substrate, diffusion through the scale will be the rate-limiting step. As the scale increases in
thickness the corrosion rate will decrease because ions have farther to diffuse through the scale.
This type ofcorrosion is considered to follow the parabolic rate law, which can be represented as:
w2 = kp(t) + C (9)
where kp is the parabolic rate constant. An example ofparabolic scale growth can also be seen in
Figure 17. Note that equation (9) is in a similar fonn as a solution to Fick's second law for
diffusion:
(10)
where X is distance, D is the diffusivity, and t is time. Comparing these equations helps to show
that diffusion is a limiting step during corrosion that follows the parabolic rate.
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The third type ofcorrosion kinetics that is observed occurs when a protective scale forms
after a short amount of time and drastically reduces the corrosion rate. This type of oxidation is
considered to follow the logarithmic rate law, which can be mathematically represented as:
w=ke * log (Ct + A) (11)
where ke is the logarithmic rate constant and A is a constant. Logarithmic scale growth behavior
can be seen again in Figure 17 as well. This type of corrosion behavior provides the best
protection during oxidation of metals. The oxidation rate is fast initially until a continuous,
protective scale can form and prevent rapid diffusion of metal cations or reactive gas anions.
Typically, logarithmic kinetics are seen at low temperature exposures and therefore are not
usually observed at high temperatures unless a passive oxide forms and successfully protects the
underlying alloy. Although these three types of corrosion kinetics can be identified as described,
usually two or more ofthese types ofkinetics can be seen during oxidation.
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As can be seen above, at high temperatures diffusion through the oxide scale is typically
the rate-limiting step for oxidation. Diffusion is temperature dependent, so the rate of scale
growth can be related to temperature. Increasing the temperature will increase the diffusion rate
of the ions through a scale due to an increase in thermal energy42. This can be shown using an
Arrhenius equation:
k oc exp[-Q/RT] (12)
where k is the rate constant, Q is the activation energy, R is the universal gas constant and T is the
absolute temperature. A graph can be constructed using the rate constant and the absolute
temperature by plotting In k vs. (lIT). The slope of the line will be equal to -QIR, so the
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activation energy can be found for the reaction. As long as the amount of macroscopic defects is
limited, the activation energy.can be related to the limiting step ofthe reaction. In most cases, the
rate-limiting step will be the scale that forms during oxidation. Therefore, the type and
morphology of scales present are very important and will be discussed next.
1.3.4 Scale Type and Morphology
A main contributor to the corrosion protection of an alloy is the type of scale that forms
and it's morphology during the reactions between the alloying elements and the reactive gases.
Ideally on a pure metal substrate with one reactive gas, one uniform scale will form across the
entire substrate. Most metals oxidize and sulfidize by cation transportation through the scale43.
Therefore, in this ideal situation the scale will grow away from the su~strate, known as external
oxidation.
Unfortunately, most metals do not form protective single layer scales. Instead most
metals and alloys will form two- or multilayered scales during oxidation (Figure 18a). During the
initial stage of oxidation, the scales that form are relatively flat and thin. Upon prolonged
oxidation, between the primary oxide layer and the metal substrate, a porous inner layer of the
primary oxide can form due to outward metal cation transport (Figure 18b). An alloy with
multiple oxidizing alloy components can form various oxide phases. If the oxide of the alloy
component A and the oxide of alloy component B are completely miscible, one oxide containing
both elements (ABOx) can form (Figure 18c). On the other hand, if there is no mutual solubility
between the oxide of element A and the oxide of element B, selective oxidation of one element
can occur. Selective oxidation occurs when one element forms a continuous oxide layer and the
other remains passive (Figure 18d). Multiple oxide layers could still be seen during selective
oxidation as oxide phases of various stoichiometric ratios. For example, iron can selectively
oxidize and form FeO, Fe203, and Fe30/4.
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Internal oxidation of an element could also occur in alloys and increase the overall
oxidation rate. If the partial pressure of the reactive species is too low to fonn an oxide of
element A, but is high enough to form an oxide of element B, internal oxidation ofelement B will
occur. Internal oxidation can also occur if oxygen anions are able to diffuse through a porous
scale of element A and reach an A-depleted substrate, where internal oxidation of element B can
occur. During internal oxidation, oxide precipitates nucleate either at the scale-metal interface or
within the metal matrix. These precipitates are commonly spherical or shaped as plates. A
schematic representation of internal oxidation can be seen in Figure 19.
Equations describing the internal oxidation phenomena have been proposed a number of
years ago by Wagner45• In this classic work Wagner used copper, iron, and zinc samples to
derive general internal oxidation equations that can be applied to a large number of metals.
Wagner assumed for internal oxidation to occur at a distance 3 from the metal surface, the inward
flux of oxygenmolecules VOz) must be equal to the outward flux ofmetal atoms VIne) and canbe
written as:
D n° 2. 2Do2P002
. MeIMe
JMe = 8*RT =; J02 =v(8-8)RT (13)
where v is the number of oxygen atoms reacting with one metal atom when fonning the oxide,
DMe and Doz are the diffusivities of the metal and oxygen molecules, respectively, pOMe is the
metal vapor pressure at the metal surface, pOoz is the oxygen partial pressure of the atmosphere,
and .1 is the effective thickness ofthe diffusion boundary layer.
Assuming that ~e == Doz, pOOz » poMe, and that 3 « .1 (indicating that the internal
oxidation occurs in the region directly adjacent to the metal surface) the critical oxygen partial
pressure poOl (critical) required for internal oxidation to occur can be written as:
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° vAP O (RT)~
PO
2
(critical) ~ Me ~
2DO (2;rMMe) 22
where MMe is the atomic weight ofthe metal.
(14)
When po02 is greater than p002 (critical), the internal oxidation mechanism no longer
governs the formation of internal oxide particles. Instead the oxygen partial pressure is high
enough to form a uniform protective oxide layer on the surface of the metal. Therefore, Equation
14 can be used to find the oxygen partial pressure required to prevent unwanted futernal oxidation
and promote the formation ofa passive oxide layer.
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Figure 18 - Various types of scales including an example ofa multilayered scale (a), a
multilayered scale after long oxidation time where a porous inner layer is present (b), a
completely miscible oxide layer (c), and selective oxidation ofelement A (d)46.
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Figure 19 - Schematic representation of internal oxidation ofelement A (a) and B (b)46.
Another scale morphology that is commonly seen in both oxidizing and sulfidizing
environments is a uniform scale with nodules growing at selective spots across the scale.
Typically, nodules can form when a macroscopic defect is present in the scale, such as a crack, or
they can selectively oxidize at the onset of exposure and continue to grow as a continuous scale
forms around it. The growth ofnodules can also increase the overall corrosion rate ofthe alloy as
faster growing oxides can overgrow the protective scale and allow for rapid diffusion and growth
of the external scale. The formation of nodules on iron-aluminum alloys during initial stages of
oxidation was described in detail by Tomaszewicz and Wallwork and can be seen schematically
in Figure 2047. This explanation holds only for oxidation and if there is enough aluminum to
form a continuous Ah03 scale. The process begins with the initial stages of oxidation, when
alumina (Ah03) and iron oxides (FeO) simultaneously nucleate at the surface of the sample
(Figure 20a). The alumina continues to form until a uniform Ah03 layer almost completely
covers the sample, while the iron oxide nodules remain at random sites and continue to grow into
the alloy (Figure 20b). The FeO nodules continue to grow outward from the alloy and form
various iron-oxide species (Figure 20c). At the nodule-alloy interface the alumina reacts with the
FeO to form the spinel FeAh04, while the iron continues to oxidize into Fe304 and Fe203 at the
nodule-gas interface. Internal oxidation continues through the nodules and alumina becomes
43
more stable at the nodule-alloy interface where the oxygen partial pressure is very low (Figure
20d and e). Finally, the oxygen partitial pressure can become too low at the nodule-alloy
interface to form any iron-oxide compounds so a continuous layer of Ah03can form at the base
ofthe nodule to prevent any further nodule growth (Figure 20f).
Another proposed explanation for the formation of nodules was given by Banovic et.
a1.48• This alternative explanation, shown in Figure 21, considers nodules that form after a
protective alumina layer has already formed on the alloy. The process begins with the continuous
passive alumina layer forming on the alloy, keeping reactive oxygen or sulfur gases from
reaching the metal (Figure 21a). During further exposure, the passive Ah03 layer breaks down
either by cracks forming through the protective layer due to scale stresses or through fast
diffusion pathways such as grain boundaries (Figure 21b). Once the passive layer breaks down,
the reactive gases can travel through the cracks and come in direct contact with the alloy. If the
alloy cannot reform the passive layer fast enough, iron-rich oxides can form rapidly and grow
both inward and outward form the metal substrate (Figure 21c). Eventually, these nodules can
meet up and overgrow the protective Ah03 layer forming a thick non-protective corrosion scale
(Figure 21d).
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Figure 20 - Schematic ofnodule formation and growth47•
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Figure 21- Schematic ofpassive layer breakdown and subsequent nodule growth48•
1.3.5 Summary
There are many factors that effect the high temperature corrosion resistance of an alloy.
Diffusion plays an important role during high temperature corrosion. Once an initial scale covers
the substrate, the oxide grows by ion diffusion through the scale. Thermodynamics are also
important to consider during corrosion studies. Equilibrium phase diagrams can be used to
predict all the possible phases that could be present during corrosion. Phase stability diagrams
can also be used to determine which phases are stable in a specific gaseous environment.
Kinetics should also be used along with thermodynamics to determine how rapidly phases form.
Corrosion rates can be determined using a thermogravimetric balance. The activation energy can
be calculated and used to determine ifthe rate-limiting step changed. Although thermodynamics
and kinetics give a lot of information about a system, the scale that forms is a very important
aspect tQ corrosion. A single layered uniform, dense, compact scale is ideal, but rarely occurs.
Usually, multilayer scales form on alloys and can have complex morphologies. Internal oxidation
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and nodule growth can increase the corrosion rate of the alloy as well. Now that the important
aspects of corrosion have been reviewed, the corrosion behavior iron-aluminum alloys will be
discussed in the following section.
1.4 Corrosion Literature
Corrosion resistant materials have been under investigation as coatings for waterwall
tubes since the retrofitting of burners in Low NOx furnaces. Although various materials such as
Inconel alloys, stainless steels, and FeCrAI alloys have been used as coatings for the boiler tubes,
iron-aluminum alloys have received a great deal of attention. The main attraction of iron-
aluminum alloys is that they demonstrate excellent corrosion resistance in furnace atmospheres
and they are also less expensive than the other candidate materials because they use aluminum as
the critical element rather than chromium or nickel4• Alloy development has produced binary
iron-aluminum alloys that show excellent corrosion properties3• Attempts to increase the
corrosion resistance of iron-aluminum alloys are being made by the additions of ternary
elements6• This section will review the alloy development process from pure iron, to binary iron-
aluminum alloys, and fmally to iron-aluminum alloys with ternary additions.
1.4.1 Pure Iron Oxidation and Sulfidation
Although oxidation and sulfidation are governed by the same mechanisms, oxidation and
sulfidation rates of pure iron are very different. At a given temperature, the sulfidation rate for
pure iron is much higher than the oxidation rate for pure·iron. The difference in corrosion rates
can be attributed to the scales that form in each environment18• Typically, sulfides have a much
higher defect concentration than oxides, which allows for more rapid diffusion of ions through
the scale18•
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The oxidation performance of pure iron has been studied extensively for many years over
a wide temperature range49,50. Saegusa and Lee studied the oxidation behavior of pure iron
between 500-700°C44• They found that two types of scales can be seen over this temperature
range. Below 600°C, a uniform single layer scale of Fe304 was present across the specimen. On
the other hand, above 600°C, a duplex scale was present consisting of both Fel-liO and Fe304.
They attributed this scale change on the fustability of wustite (Fel-liO) at 570°C. Above 570°C,
wustite is stable with Fe304 and therefore a duplex scale can form, whereas below 570°C wustite
becomes unstable and transforms into Fe304.
The sulfidation of pure iron has also been studied in a large extent42,51,52. In a purely
sulfidizing environment, scales that form could be either single layer or duplex iron-sulfide
scales42. Strafford and Manifold found that at short exposure times a large grained single layer of
porous sulfide formed42. At longer exposure times, they found that a duplex layer formed, where
the outer layer consisted of large grains and the inner layer was comprised of small grains. The
growth ofthe inner layer was reported to initiate at stress concentrations such as comers and then
completely cover the sample at longer exposures. This is consistent with results ofMeussner and
Birchenall who proposed that the large grained outer iron sulfide scale grows epitaxially from the
inner scale, which is comprised of small grained sulfides52. The sulfidation rate of iron increases
with an increase in the partial pressures of either H2S or S2, as well as an increase in
temperature51 ~
1.4.2 Iron-Aluminum Alloys: Oxidation
When reviewing the literature for the oxidation of binary iron-aluminum alloys, it is
easiest to begin at low aluminum concentrations and move into alloys with high aluminum
contents. Also, gaseous corrosion will exclusively be discussed as little literature has been
published on slag corrosion in these environments. When considering iron-aluminum alloys with
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low concentrations of aluminum, Saegusa and Lee oxidized binary iron-aluminum alloys from 0-
5wt%AI44. They found that Iwt%AI slightly improved the oxidation resistance of iron, but
aluminum concentrations greater than Iwt'lIoAI improved the oxidation resistance of iron
dramatically. It was also seen that at a given temperature, the overall oxidation decreased with
increasing aluminum contenfO,44.
At lower temperatures (500-700°C) the increase in oxidation resistance was attributed to
a duplex scale where the inner scale consisted of a mix of both iron and aluminum oxides30.
Between 700-900°C, multilayered scales were found to completely cover the samples. At low .
aluminum contents, two layers formed and at higher aluminum contents, three layers formed. For
the two layer scales, the outer layer was found to be iron rich whereas the inner layer was
aluminum rich. Scales with three layers showed that the outermost scale was Fe203, the middle
scale consisted of Fe304, and the inner scale was comprised of the spinel FeAhOlo. Over this
higher temperature range, the limiting step to oxidation was diffusion through the inner layer of
FeAh04. At even higher temperatures (900°C) iron oxide nodule growth was seen sporadically
across the surface of the specimen. The formation of the nodules was attributed to simultaneous
internal and external. oxidation at highly stressed areas, due to the tendency for them to form at
comers or edges30.
Increasing the aluminum content in these alloys has resulted in an increase in oxidation
protection. Although at 800°C iron oxide nodules can be seen up to around 7wt%AI, the area
covered by these nodules decreases with increasing aluminum contene3. Tomaszewicz and
Wallwork found that an alloy with 2.5wt%AI, oxidized at 800°C, resulted in 50% of the surface
covered by nodules. Between 3-7wt'lIoAI,the specimen had few, randomly distributed nodules
across the surface. .Above 7wt%AI, no nodules could be seen after exposure at 800°C. The
nodules formed during this study consisted primarily of Fe203 (sometimes with Fe304), with a
thin layer of either FeAh04 or Ah03 at the base ofthe nodules53.
49
The minimum amount of aluminum needed to form a uniform, protective coating of
Ah03, known as the critical aluminum concentration, has been found to depend on temperature.
In a review conducted by Tomaszewicz and Wallwork they summarized the proposed critical
aluminum contents at different temperatures54• The value of critical aluminum content ranged
from swtOloAI at lOOO°C to 12wtOioAI at 600°C. A summary of reported critical aluminum
concentrations by various authors is given in Table 1. Above 12wt%AI, binary iron-aluminum
alloys form a protective Ah03 scale that reduces the oxidation rate. The addition of aluminum
above 12wt% provides the alloy with a higher abundance of aluminum to reform a protective
scale if the Ah03 scale cracks or spalls due to stresses generated within the sample. If the
conditions are kept the same, the higher the aluminum concentration is within the alloy, the
longer the service lifetime ofthe part55•
Table 1~Reported critical aluminum concentrations for oxidation protection.
Author Temperature (OC) Wt%AI
Tomaszewski and Wallwork'4 600 12
Boggs3O 600 10
Tomaszewski and Wallwork':; 800 7.5
Wallwork and McGirr'b 800 7.8
1.4.3 Iron-Aluminum Alloys: Sulfidation
The sulfidation resistance of iron improves with the addition of aluminum to the
system57,58. Strafford and Manifold compared the sulfidation resistance of Fe-Swt'lIoAI to that of
pure iron57• They found that the sulfidation rate for pure iron is around ten times that ofthe alloy.
The iron-aluminum alloy displayed parabolic kinetics during the initial stage of growth and then
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followed linear kinetics during subsequent growth. The scale that formed during the initial stage
of sulfidation was thin (-lOJlm) and consisted solely of FeS. During the stage where linear
growth kinetics was observed, a duplex scale formed. The outer layer was comprised primarily
of FeS, with a small amount of aluminum near the inner layer. The inner layer was found to be
made up ofFeS with small amounts ofAhSt.
When the aluminum concentration is increased even further to around 1O-20wt%Al, the
alloy demonstrates slower corrosion rates than that of 5wfloAes. In a purely sulfidizing
environment between 800-1000°C, the scales that form on the 10 and 20wt%Al alloy are very
similar to those found on the 5wt%Al alloy. At short exposure times small nodules, made up of
two layered scales, could be detected at stress concentrations. After longer exposure times, the
nodules seemed to completely cover the sample as a duplex scale. Again, the outer layer
consisted of FeS, while the inner layer was comprised of a fme dispersion of FeS and AhS/s.
Others found that on alloys with -10wt%Al, the outer layer was comprised ofFeS, but the inner
layer was a mixture of FeS and FeAhS4 where plates of AhS3 and FeAhS4 penetrated into the
substrate59• Alloys with ~20wt%Al had the same outer and inner layers as the lOwt%AI alloy,
but also formed continuous layers of FeAhS4 and AhS3, and plates from the AhS3 layer
penetrated into the substrate59-62. At temperatures below 750°C, it was found that alloys with
aluminum contents greater than 10wt% provide relatively good sulfidation resistance62•
Although the corrosion rates decrease when increasing the aluminum concentration,
increasing the temperature counteracts the beneficial effects of higher amounts of aluminum.
Strafford and Manifold proposed three possible reasons as to why the scales formed on alloys
with high amounts of aluminum (l0-20wt%Al) at high temperatures were not protective5s• First,
it has been shown that at high temperatures (900-1000°C) the amount of AlzS3 increased with
increasing weight gain. AlzS3 has a high molecular volume and increasing the thickness of the
scales creates more porosity within the scales, thus allowing more rapid diffusion and therefore
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higher corrosion rates. Another possible reason deals with the amount of internal sulfidation that
takes place during exposure. Large amounts of internal corrosion could be seen in alloys with
high aluminum contents at high temperatures. A main contributor to the accelerated amount of
internal sulfidation is the growth ofAhS3, which was seen to grow as "needles" into the substrate
(evident in 20wfioAI alloy). The needles could contribute to developing small cracks in the
substrate, increasing the paths for internal sulfidation. Finally, and most importantly, at high
temperatures (>800°C) the reaction product AhS3 allows for rapid ionic diffusion due to its low
melting point of around 1100°C. As the temperature increases, the sulfide gets closer to its
melting point so sulfur is able to rapidly diffuse through this phase into the substratess. It is
possible $at all three mechanisms contribute to the high rate of scale growth. Most likely the
needles that form during internal oxidation combined with the temperature being over half the
melting temperature ofAhS3 are the main causes for the accelerated growth ratess.
1.4.4 Iron-Aluminum Alloys: Mixed OxidationlSulfidation
Binary iron-aluminum alloys provide better corrosion properties than pure iron, but their
rate of sulfidation is still too high for applications as coatings. In order for iron-aluminum alloys
to be protective, preferential oxidation of aluminum must occur so that a uniform Ah03 scale
completely covers the substrate. Although this is not possible in a purely sulfidizing
environment, exposure to a mixed oxidizinglsulfidizing environment could produce this
protective alumina scale as Ah03 is stable with respect to AhS3 to very low oxygen partial
pressures (see Figure 14). Low NOx coal-burners create an environment that has a high sulfur
partial pressure and a low oxygen partial pressure so the possibility of forming Ah03 is good.
Corrosion resistance of iron-aluminum alloys in mixed oxidizinglsulfidizing
environments has been studied extensively by DeVan and Tortore11i3,63,64. They report that at
800°C in an atmosphere representative of furnace conditions (P02 = 1O~22 atm, PS2 = 10-6 atm), the
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corrosion rate was significantly higher for an alloy with 8.4wt01oAI (16at%AI) than for an alloy
containing 9.6wt01oAI (18at%AI). They concluded that a minimum aluminum concentration of
9.6wt01oAI (18at%Al) is needed at 800°C to provide long-range corrosion protection65,66. Others
have found similar results, as alloys with aluminum contents below this critical amount displayed
duplex scales, where the outer layer was Fe304 and the inner layer was a mixture of FeS and
AhS367. Plate-like precipitates of (Fe, AI)S were also found to extend into the substrate. Above
the critical amount of aluminum, again the scales had an outer layer of iron oxides and the inner
layer contained a high amount of aluminum sulfates, which attributed to the reduction in
corrosion rate67.
In a study performed by Kai and Huang, they found that in a mixed environment (P02 ==
10-22, PS2 == 10-7) at 700°C alloys with aluminum contents between 9.6 and 16wt% formed scales
that consisted of FeS, FeAhS4, and A120 368. The alumina phase was identified as a-Ah03' even
though the temperatures fell within the range of y- or D-Ah03 and the scales were in the form of
needles. The amount of Ah03 increased with the aluminum content of the alloy up to around 16
wt% where the scales were mostly a-Ah03 with small amounts ofFeS and FeAhS4 present. The
amount ofAh03 again increased with aluminum content up to around 25wt%AI where Al20 3was
the only scale present. The corrosion rates were reduced by a factor of about five when a
continuous Ah03 layer forms over the substrate.
The corrosion kinetics for binary iron-aluminum alloys with sufficient amounts of
aluminum follows the parabolic rate law for temperatures between 700-900°C, indicating that
solid-state diffusion is the limiting step during corrosion. Two-stage parabolic behavior can be
seen regardless of temperature where an initial stage is followed by a steady-state stage68. It can
be seen that the duration ofthe initial stage decreases with increasing aluminum concentration.
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1.4.5 Ternary Alloy Additions
Although binary Fe-AI based alloys in general have demonstrated good corrosion
resistance in oxidizing, sulfidizing, and mixed environments, even better resistance to corrosion
in specific environments can be achieved by adding ternary elements. The effects of ternary
elements have been studied over the last few years. Many studies have been conducted with
respect to improving the mechanical properties of iron-aluminum based alloys69. Others have
concentrated on the improvement of corrosion resistance in specific environments and on the
improvement of thermal cycling conditions 70-72. This section will review the effects of specific
elements, namely chromium and titanium, on isothermal corrosion resistance.
1.4.5.1 Effect ofChromium
Chromium has played an important role in corrosion resistance for many years as a
primary oxidizing agent. This is especially true when considering the oxidation resistance of
stainless steels. Stainless steels utilize high levels of chromium in order to form a passive
chromia layer on the surface of the substrate73.Chromium has also played an important role in
corrosion resistance of alumina forming alloys. Traditionally, these alloys have made use of a
low concentration of aluminum (less then 1Owt%) and high amounts of chromium (greater than
lOwt%). Recently, the effects of small additions of chromium on the corrosion resistance of
alloys with higher aluminum concentrations have been studied. This section will outline the role
ofchromium in the oxidation and sulfidation resistance of iron-aluminum based alloys.
The primary role of chromium in' binary iron-aluminum alloys is to act as a secondary
oxygen "getter" to avoid internal oxidation45• In binary iron-aluminum alloys, aluminum has a
higher affinity for oxygen than iron and would therefore be expected to form an aluminum oxide
before forming an iron oxide. Similarly, a high AlICr ratio will most likely favor the formation of
a continuous Ah03 layer on the alloy due to aluminum having a higher affinity for oxygen than
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chromium. This alumina layer is expected to provide protection from the reactive gas, but if
oxygen anions diffuse through the scale they can form chromium-oxides rather than fast growing
iron oxides. Chromium therefore acts as a secondary oxide former in the alloy; helping to
prevent unwanted iron oxides to form.
Another possible role chromium may play in promotirlg corrosion resistance was
proposed by Brumm and Grabke74• They describe the initial stage of oxidation when the oxygen
partial pressure is high enough that each alloying element forms oxides at the alloy surface. Once
a continuous layer of mixed oxides forms, the oxygen partial pressure is low at the scale-metal
interface such that only Alz03 will form. The other oxides are stable only at the scale-gas
interface so a continuous layer of Alz03will grow under the oxides at the metal-scale interface.
Cr203 and a-Ah03 are both hexagonal structures and form a totally miscible solid solution. The
reaction of Cr203 and either y- or 8-Alz03 will result in the formation of (AI,Cr)203 crystals,
which can then act as nucleation sites for a-Ah03 at temperatures below that at which a-Alz03
typically begins to form. These results are consistent with others who observed that chromium
additions decrease the temperature at which a-Ah03 forms49,75. A schematic diagram of
chromium's effect on the nucleation of a-Alz03 at lower temperatures can be seen in Figure 22.
The left half of the diagram shows the initial oxidation of a Ni-AI alloy and the right half
compares that with the initial exposure of a Ni-AI-Cr alloy to an oxidizing atmosphere. During
the initial exposure, selective oxidation of each oxidizing element occurs (Figure 22a). The Ni-AI
alloy initially forms NiO and Alz03, while the Ni-AI-Cr alloy forms NiO, Ah03, and Cr203.
After longer exposure, the 8-Alz03phase completely covers the alloy and begins to react with the
other oxides. The 8-Ah03 reacts with NiO to form the spinel NiAlz04 on both alloys, but it also
reacts with Cr203 to form a solution of(AI,Cr)203 on the chromium containing alloy (Figure
22b). Because the (AI,Cr)203 phase has a similar crystal structure to a-Alz03, it helps to nucleate
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a-Ah03 grains so a relatively continuous a-Ah03 scale can form at lower temperatures than a-
Ah03 normally forms (Figure 22cf4.
Additions of chromium are also beneficial because they decreases the critical aluminum
concentration needed to form a uniform protective Ah03 layer. This effect also comes from the
fact that chromium will act as a secondary oxidizer, helping to reduce the amount of internal
oxidation of aluminum. Wagner explains that during the initial stage of oxidation, iron,
chromium, and aluminum oxides will begin to nucleate at the surface of the alloy45. The
formation of chromium oxides keeps the oxygen from penetrating the alloy and forming Ah03
precipitates under the surface. This, in tum, allows aluminum atoms to diffuse to the surface
where reactions similar to:
2AI + Cr203 =2Cr +Ah03
2AI +3FeO =3Fe +Ah03
(15)
(16)
can occur at the surface. Thus the formation ofa continuous Ah03 scale is possible at aluminum
contents lower than the critical concentration needed in the binary iron-aluminum alloy.
1.4.5.1.1 Fe-Al-Cr Alloys: Oxidation
Chromium additions have shown both beneficial and detrimental effects to the oxidation
resistance of iron-aluminum alloys. Beneficial effects have' been observed when chromium
concentrations are low relative to the aluminum concentration. Fe3AI (IS.8wt%AI) with
chromium concentrations of I-Swflla, oxidized from 700-900°C, showed mixed results6• The
alloys containing chromium concentrations less than 2wt% between 700-900°C demonstrated low
weight gains, whereas concentrations greater than 4wfl/o showed increased weight gains and
faster oxidation rates during the initial exposure. In addition, the alloy with 2wt%Cr had a
parabolic rate constant ten times less than the rate constants ofalloys with higher concentrations
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of chromium. At 900°C, the oxidation rates remained relatively the same, but the initial weight
gains increased as the amount ofchromium increased (Figure 23).
Chromium can also improve the thermal cycling properties of iron-aluminum alloys in an
oxidizing atmosphere. Binary alloys containing 8.4-11wtt'IoAI showed that increasing the
aluminum concentration resulted in lower weight gains in cyclic oxidation environments. The
addition of 5wt%Cr to the 8.4wtt'IoAI alloy resulted in better protection than both binary alloys5.
This increase in cyclic oxidation protection was attributed to chromium promoting fast healing of
the protective Ah03 scale. When a crack forms in the Ah03 layer, the chromium helps prevent
unwanted corrosion products from forming in the crack and the Ah03 scale has a greater chance
of re-healing itself faster. The rapid recovery of the Ah03 scale keeps unwanted products, such
as iron oxide nodules, from forming in these cracks and overgrowing the passive layer3.
1.4.5.1.2 Fe-Al-Cr Alloys: Mixed Oxidation/Sulfidation
The addition of chromium to binary iron-aluminum alloys in mixed oxidizinglsulfidizing
(P02 == 10-2°, PS2 == 10-4) environments has had similar effects to additions in purely oxidizing
environments. Additions of more than 2wt%Cr to Fe3AI alloys over the range of 700-900°C
resulted in increased weight gains due to the formation of sulfides1,6,71. The increase in weight
gain at greater chromium concentrations was attributed to excess chromium accelerating the
nucleation and growth of iron and chromium sulfides1,3,76. During exposure a protective layer of
Ah03 formed, but iron sulfides grew as flat needles out of the scale as macroscopic defects
occurred in the scale at highly stressed comers and edges. The scales that formed after long
exposure times consisted of a thick outer layer of sulfides (mainly iron), a thin middle layer
comprised of iron and aluminum oxides, and an even thinner inner layer ofAh0371. On the other
hand, it has been found that the detrimental effects from higher chromium concentrations can be
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negated in these environments by increasing the aluminum concentration3,6. Therefore, it is
important to keep the AIICr ratio high for adequate protection in mixed gas environments.
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Figure 22 - Schematic diagram ofchromium's effect
on the formation ofalumina74•
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1.4.5.2 Effect ojTitanium
Titanium has been used in a variety ofcorrosion resistant applications primarily due to its
excellent oxidation resistance. Many of these applications use titanium based alloys such as Ti-
Al because of their good corrosion resistance and their relatively low weight77-79• Limited work
has been conducted dealing with the effects of titanium on iron-aluminum based alloys. Studies
that have been done on titanium additions to iron-aluminum based alloys have primarily focused
on improvement of the mechanical properties at room temperatureS0-82. Some work done on
ternary additions of titanium to iron-aluminum alloys has focused on the effect on high
temperature corrosion behavior of these alloyss3,84. The following section will outline the
relevant research conducted on the effect oftitanium on the high temperature corrosion resistance
of iron-aluminum based alloys.
1.4.5.2.1 Oxidation
The primary goal of adding small amounts of titanium to iron-aluminum based alloys is
to increase the alloy's corrosion resistance by acting as a secondary oxygen "getter". As
discussed previously for chromium additions, if oxygen penetrates through the passive scale on
the surface of a relatively protective alloy, the secondary oxidizing element can react with the
oxygen to "getter" the oxygen and form slower growing corrosion products. By forming slower
growing titanium oxides, this can hopefully prevent iron-rich oxides from forming and
overgrowing the passive Ah03 scale. Although some work has been performed on the effect of
titanium additions on high temperature oxidation of Fe-AI based alloys, very little has been done
on the sulfidation of these ,alloys. This being the case, the oxidation behavior of Fe-AI alloys
containing Ti will be reviewed.
Early work utilizing titanium additions was conducted by Giles and Marder who studied
the effect of titanium additions on the thermal cycling oxidation resistance of ironS3. The iron
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based alloys they studied contained aluminum, chromium, and titanium additions and the alloys
were thermally cycled between approximately 1200°C to 200°C until a significant amount of
corrosion took place. They found that a critical compositional value, based on regression
analysis, could be achieved where compositions above the critical value resulted in a dramatic
increase in the oxidation lifetime (time until breakaway corrosion occurred). The critical
compositional value that was based on regression analysis included aluminum, chromium, and
titanium additions. The key point to this study though was that all alloys above the critical value
contained titanium additions, between 0.28 and 1.02wt%Ti, with the exception of two alloys.
These two alloys had oxidation lifetimes much less than other alloys containing titanium. It was
therefore concluded that titanium helped improve the cycling oxidation resistance of iron
aluminum alloys.
Since then, others have performed more comprehensive studies involving the additions of
titanium to iron-aluminum based alloys. Culbertson and Kortovich found that additions of
5at%Ti to. the intermetallic Fe3AI resulted in a decrease in the oxidation resistance when exposed
to air at 816°C85• On the other hand, a recent study has shown that titanium additions up to 2at%
have had a beneficial effect on the corrosion behavior ofFe-AI based alloys84. In this study it was
found that alloys containing titanium additions had significantly lower corrosion rates in air at
1000-1100°C. Alloys without titanium additions were observed to form a much finer a-Ah03
scale on the surface than the alloy with Ti additions. Alloys containing titanium additions formed
some titanium-oxides, in the form of TiO, on the surface along with a-Ah03. The thicker
alumina scale observed on the alloy without titanium additions was attributed to the presence of
more grain boundaries acting as fast diffusion sites for more rapid oxidation rates. Scale adhesion
was observed to increase with the additions of2atoioTi as well84• This effect was attributed to the
TiO phase that formed on the surface along with the protective alumina scale. The authors made
several possible explanations as to why the adhesion ofthe protective scale is better with titanium
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present. The most reasonable explanation was that the coefficient of thermal expansion for TiO
(~10 X IO-6joq is between that of a.-Ah03 (~6 X lO-6jOC) and FeAI (~21 X IO-6joq so the TiO
phase reduces the difference in the coefficient ofthermal expansion ofthe passive oxide layer and
the underlying alloy.
1.4.6 Effect ofWater Vapor
When considering the environments that are present within fossil-fueled furnaces, one
component that is always present but often times gets overlooked is water vapor. Water vapor
has been identified in several different combustion environments found in fossil-fueled power
plants at levels ranging from 3-25%H20 15• Although it has been documented that water vapor is
almost always present in these furnace atmospheres, it is rarely used when simulating burner
conditions for high temperature corrosion testing. Many researchers use simple dry gas mixtures
consisting of only a few components, such as using Hr H2S mixtures when simulating a
sulfidizing environment and dry air when simulating oxidizing conditions6,8,44,58. This is
commonly done because the mechanisms behind the effect of water vapor on high temperature
corrosion are poorly understood. Therefore, available theories on the mechanism ofwater vapor
will briefly be discussed in this section.
There have been a few proposed theories dealing with the effect of water vapor on high
temperature corrosion, but the theories lack consistency between each other do not always
correlate with observations made from other alloy systems. The bulk of the work on this topic
has been done in Japan, but unfortunately very little has been translated into English for
interpretation. When considering this phenomenon, some authors feel that the main effect of
water vapor on high temperature corrosion behavior is that it alters the passive scale that forms
during oxidation86-88. Exactly how the water vapor effects the scales is not well understood.
Some claim that the oxide scales that typically form in dry oxidizing environments change to
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hydroxide scales when exposed to oxidizing atmospheres containing water vapor86• These
hydroxide scales have been reported to be porous and easily permeable by corrosive species87•
Others have made observations that correlate with the theory that H20 in the gas will alter the
corrosion scale morphology of non-protective corrosion products that form once the passive layer
breaks down89-91 • Some agree that the water vapor affects the surface conditions during the initial
stages of oxidation, but they propose that the resultant oxide to form is a function of the surface
acidity, which changes with the addition of water vapor92• It can be seen that although it is well
established that corrosion rates increase with the presence ofwater vapor and that the morphology
of the scale changes from dry to wet oxidizing conditions, the mechanisms behind the water
vapor effect are not clear and are currently being explored further.
1.4.7 Summary
The addition of aluminum increases the high temperature corrosion resistance of iron in
oxidizing, sulfidizing, and mixed environments. The increase in corrosion resistance comes from
the formation of aluminum rich scales, in particular Ah03, which acts as a barrier to metal and
oxygen ion diffusion. Depending on the temperature (between 600-800°C) and the type of
environment, the critical aluminum concentration needed to form a unifonn, protective Ah03
layer on binary iron-aluminum alloys ranges from 5-12wt6IoAI. Adding small amounts of
chromium to binary iron-aluminum alloys is beneficial as it helps prevent internal oxidation and
decreases the critical aluminum concentration. Excess chromium concentrations are detrimental
though as they can increase the corrosion rates of Fe-AI alloys in mixed oxidizinglsulfidizing
atmospheres. Titanium additions have been shown to improve the oxidation resistance of Fe-AI
based alloys, possibly by helping to increase the adhesion of the passive oxide scale. The effect
of water vapor on high temperature oxidation is known to be detrimental to the corrosion
resistance of the alloy. Although it is known that water vapor increases the corrosion rates of
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alloys, the mechanisms involved with the decrease in protection are not very well understood and
need to be explored further.
1.5 Fe-AI Based Coatings
Iron-aluminum based alloys have been shown to exhibit excellent corrosion resistance in
a variety of high temperature environments. Unfortunately, iron-aluminum intermetallics (FeAI
and Fe3AI) are inherently brittle at room temperature and the material shows a drastic decrease iil
strength at temperatures above 600°C1• Although iron-aluminum alloys may be a poor choice as
a structural material, their use as a coating is now fully being discovered. Two main coating
techniques that are being investigated are weld overlay and thermal spray coatings.
1.5.1 Weld Overlay
The main concept behind weld overlay coatings is that an aluminum or iron-aluminum
alloy is used as filler metal and is deposited on a higher strength substrate. As seen above,
composition plays an important role in the corrosion resistance of the coating. Unfortunately,
iron-aluminum alloys are susceptible to hydrogen induced cracking at higher aluminum
concentrations8,93,94. One possible explanation to the susceptibility of Fe-AI alloy to hydrogen
cracking is that the hydrogen that is released when water vapor combines with molten aluminum
to form AhOr. A comprehensive weldablility study was conducted by Banovic, who discovered
that welds with aluminum concentrations up to around 10wt% were completely crack free,
whereas welds above lOwtOloAI cracked readily95. This composition is approximately the border
between the disordered iron solution and the ordered Fe3AI at lower temperatures. It is therefore
very important to control processing parameters during the welding process in order to control the
composition ofthe weld overlay.
64
1.5.2 Thermal Spray Coatings
Thennal spray coatings consist of spraying iron-aluminum based powders at high
temperatures onto a substrate. Two techniques, air plasma spray (APS) and high-velocity oxygen
fuel (HVOF), were compared by Luer et.al. in a sulfidizing environment. APS coatings contained
aluminum depleted regions due to degradation of the powder during application9• The coating
also contained a high amount of porosity, which may have allowed for sulfur to travel through the
coating and attack the substrate. On the other hand, the HVOF coatings contained low porosity
and low oxide contents. Sulfidation resistance of the HVOF coating was significantly better than
the resistance ofthe APS coating. This was attributed to the sulfur gas being able to penetrate to
the substrate through interconnecting porosity in the APS coating. The HVOF coating was
compact enough to prevent the sulfur gas from reaching the iron substrate and therefore
controlled the amount ofcorrosion that occurred9•
1.5.3 Summary
Weld overlay coatings are advantageous because they provide a relatively unifonn
coating that bonds to the substrate by mechanical mixing. The disadvantage ofusing this process
is that at high aluminum concentrations (above 10wt%AI), the welds are subject to cold cracking.
Welds with aluminum concentration below 10wt% are easily weldable and show good corrosion
resistance. On the other hand thermal sprays can incorporate higher aluminum contents because
cold cracking does not occur in thennal spray coatings. One disadvantage of thermal spray
coatings is that the coating can be porous and contain oxides, which can accelerate corrosion.
Another disadvantage is that there is no metallurgical mixing between the coating and the
substrate so the coating may flake off due to stresses during service. Thennal spray coatings
produced by the HVOF technique have been shown to contain low porosity, low oxide content,
and demonstrate good corrosion resistance. Now that the fundamentals of high-temperature
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corrosion and the relevant literature on iron-aluminum alloys has been reviewed, the following
sections will focus primarily on the recent study performed on the high-temperature corrosion
resistance ofFe-AI based coatings.
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2. Chapter 2: Gaseous Corrosion Testing
"High Temperature Co"osion Resistance ofFe-AI Based Weld Overlays with Cr and Ti
Additions"
2.1 Introduction
It has been seen in the previous sections that various corrosion mechanisms can take
place in diverse environments such as Low NOx burners. During the initial exposure of a
coating to a Low NOx environment, gaseous corrosion will dominate as the primary corrosion
mechanism. After sufficient exposure times, slag can accumulate on the surface of the coatings
as un-burnt coal and ash can deposit onto the walls. Therefore, two approaches were taken to
simulate Low NOx environments. First, gaseous corrosion testing was performed on the iron-
aluminum based coatings. This was done to simulate the initial period of exposure and areas
where slag does not accumulate or falls off. The other approach was gas-slag corrosion testing.
This involved placing a simulated slag in contact with the coating and setting them in a corrosive
gaseous environment. This helped to simulate the situations where significant slag did
accumulate on the walls and acts as a barrier between the corrosive gas species and the coating.
The present chapter will focus on the gaseous corrosion testing of weld overlay coatings. The
following chapters will involve the gas-slag corrosion testing of weld overlay coatings and both
gaseous and gas-slag corrosion testing of thermal spray coatings. The· fmal section will discuss
the effects of water vapor on high temperature corrosion as well as summarize the results from
this investigation.
As was previously mentioned, Fe-AI based weld overlay coatings have recently been
considered as corrosion resistant claddings as an alternative to stainless steel or superalloy
coatingsl . Fe-AI based claddings are advantageous because they are corrosion resistant in
sulfidizing environments, they are easily weldable with aluminum concentrations up to 10wt%,
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and are cheaper than using stainless steel or superalloy coatings1,3,8,55,76,95. Binary Fe-AI alloys
have been studied extensively in simple sulfidizing and oxidizing environments for years, but less
work has been done on ternary or quaternary Fe-AI based alloys. It has been shown that
chromium additions to Fe-AI based alloys have helped increase the corrosion resistance in
sulfidizing and oxidizing atmospheres3,66. Titanium has been known traditionally as an oxide
former and has shown to increase the oxidation resistance of iron-aluminum based alloys83,84.
Therefore, alloys containing chromium and titanium additions were considered for corrosion
testing in this study. Traditionally, environments used to study high temperature corrosion
behavior in these alloys have been simple gas mixtures, containing relatively few components96•
To more accurately simulate burner conditions~ three complex gases were considered in this
particular study, one being a highly sulfidizing gas, another being a mixed oxidizinglsulfidizing
gas, and an oxidizing gas.
2.2 Experimental Procedure
Alloys were made by arc-melting high purity components under an argon atmosphere and
drop cast into a water-cooled copper mold. Cast alloys were used because it was previously
shown that the high temperature corrosion behavior ofweld overlays could be explained by using
cast alloys of equivalent composition64. Alloys contained 7.5wflo or 10wt%AI, chromium levels
ranged from 0-5wt%~ and two quaternary alloys contained both chromium and titanium additions.
All alloy compositions can be seen in Table 2. Corrosion experiments were carried out using a
Netzsch STA 409 high-temperature thermogravimetric (TG) balance~ which measures changes in
weight over time. Samples were ground to 600 grit and measured to the nearest hundredth of a
millimeter. They were then weighed to the nearest tenth of a milligram using a digital balance
and cleaned using acetone. The specimens were heated at a rate of 50°C/min and were held at
500°C for 100 hours. Water vapor present in the mixed oxidizinglsulfidizing and the oxidizing
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environments was injected into the furnace at a controlled rate. The three gas compositions used
for this study can be seen in Table 3. The sulfur and oxygen partial pressures were calculated for
the gases using the HSC Chemistry computer program39• Selected exposed samples were cut
approximately 80% through and submersed into liquid N2• The samples were then cracked and
dropped into ethanol to obtain cracked surface images. A JEOL 6300 Scanning Electron
Microscope (SEM) was used to obtain surface images as well as images of selected polished
cross sections and cracked cross sections. Samples were observed with a 17mm working distance
and accelerating voltages of 5keV and 10keV. SEM surface images were used with an imaging
program to obtain area fractions.
Table 2- Alloy compositions used for corrosion testing. All values are in weight percent.
Alloy Designation Fe Al Cr Ti
Fe-7.5AI Bal. 7.38 -------- --------
Fe-7.5AI-1Cr Bal. 7.45 0.96 --------
Fr-7.5AI-2Cr Bal. 7.59 2.09 --------
Fe-7.5AI-5Cr Bal. 7.77 5.03 --------
Fe-7.5AI-2Cr-l.5Ti Bal. 7.81 2.19 1.65
Fe-1OAI Bal. 10.04 -------- --------
Fe-1OAI-1Cr Bal. 10.04· 0.99 --------
Fe-1OAI-2Cr Bal. 10.19 2.16 ---_...---
Fe-1OAl-5Cr Bal. 10.74 5.18 --------
Fe-1OAI-2Cr-l.5Ti Bal. 10.34 2.18 1.67
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2.3 Results and Discussion
2.3.1 Sulfidizing Environment
The kinetic results for the Fe-7.5wt'IoAI series ofalloys exposed to the sulfidizing gas can
be seen in Figure 24. All five alloys containing aluminum concentrations of 10wt% showed no
weight gain after 100 hours in the sulfidizing environment, and can be seen in Figure 25. Fe-
7.5AI, Fe-7.5AI-1Cr, and Fe-7.5AI-2Cr showed weight gains of approximately 0.7 mg/cm2 after
100 hours. These samples formed a blocky external scale that completely covered the samples.
One the other hand, Fe-7.5AI-5Cr and Fe-7.5AI-2Cr-1.5Ti were both protective after 100 hours.
Scratch marks could still be seen on these two samples after testing, but it was observed that areas
of the blocky external nodules were present on these samples. Polished cross sections were
observed for two representative samples, Fe-7.5AI (Figure 26) and Fe-7.5AI-5Cr (Figure 27).
The Fe-7.5AI sample formed an external scale over its entire surface and showed signs of
substrate corrosion as needles that penetrated into the alloy. The Fe-7.5AI-5Cr sample formed a
thin scale that almost completely covered the alloy. It was observed that the scale thickness of
Fe-7.5AI (~8/lm thick) was significantly thicker than the passive layer formed on Fe-7.5AI-5Cr
(~1/lffi).
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Table 3- Gas Compositions used for corrosion testing (vol. %).
Mixed
Gas Component Sulfidizing Gas
OxidizinglSulfidizing Gas
Oxidizing Gas
O2 -------- -------- 2
CO 15 10 --------
CO2 -------- 5 15
H2 3 -------- --------
H2O ------- 2 6
H2S 0.12 0.12 --------
S02 -------- ------- 0.12
N2 Bal. Bal. Bal.
Log P02 -28 -19 -2
LogPs2 -6 -8 -46
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Figure 24 - Kinetic results for the Fe-7.5wt'lIoAI series exposed to the sulfidizing environment.
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Figure 25 - Kinetic results for the Fe-IOwt<'IoAI series exposed to the sulfidizing environment.
(a) (b)
Figure 26 - Polished cross sections ofFe-7.5AI where thick external scalefonned
and substrate corrosion was present as needles extending into the alloy.
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Fe-iDAI Series in Sulfidizing Gas
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Figure 25 - Kinetic results for the Fe-l Owt%AI series exposed to the sulfidizing environment.
lOllm
(a) (b)
Figure 26 - Polished cross sections ofFe-7.5AI where thick external scale formed
and substrate corrosion was present as needles extending into the alloy.
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Figure 27 - Polished cross sections ofFe-7.5AI-5Cr where a thin passive
layer covered the entire surface.
2.3.2 Mixed OxidizingiSulfidizing Environment
The kinetic results for the Fe-7.5wflIoAI series of alloy exposed to the mixed
oxidizinglsulfidizing environment can be seen in Figure 28. All the alloys containing 7.5wt%AI
exposed to the mixed oxidizinglsulfidizing environment demonstrated large weight gains on the
order of 6 mglcm2 after 100 hours, and formed a thick scales· that cracked and spalled when
removed from the furnace. The kinetic results for the Fe-lOwt%AI series ofalloys exposed to the
mixed oxidizinglsulfidizing gas can. be seen in Figure 29. The Fe-IOAI sample gained
approximately 1 mglcm2 after 100 hours, and over 75% of the sample was covered by an external
scale, whereas the ternary Fe-10wfl1oAI alloys containing chromium showed no apparent weight
gains after 100 hours. Scratch marks could still be observed on these samples after testing and
they showed only small areas of external corrosion, which were observed as small groups or
single nodules. Polished cross sections of Fe-IOAI and Fe-lOAl-2Cr exposed to the mixed
oxidizinglsulfidizing environment can be seen in Figure 30 and Figure 31, respectively. Figure
30a shows that Fe-IOAI had areas where a thick external scale formed (~lOJlIIl thick) and
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Figure 27 - Polished cross sections of Fe-7,5AI-5Cr where a thin passive
layer covered the entire surface,
2.3.2 Mixed Oxidizing/Sulfidizing Environment
The kinetic results for the Fe-7.5wt%AI series of alloy exposed to the mixed
oxidizingisulfidizing environment can be seen in Figure 28. All the alloys containing 7.5w1%AI
exposed to the mixed oxidizingisulfidizing environment demonstrated large weight gains on the
order of 6 mgicm2 after 100 hours, and formed a thick scales that cracked and spalled when
removed from the furnace. The kinetic results for the Fe-l Owt%AI series of alloys exposed to the
mixed oxidizing/sulfidizing gas can be seen in Figure 29, The Fe-IOAI sample gained
approximately I mg/cm2 after 100 hours, and over 75% of the sample was covered by an external
scale, whereas the ternary Fe-lOwt%AI alloys containing chromium showed no apparent weight
gains after 100 hours. Scratch marks could still be observed on these samples after testing and
they showed only small areas of external corrosion, which were observed as small groups or
single nodules. Polished cross sections of Fe-IOAI and Fe-IOAI-2Cr exposed to the mixed
oxidizing/sulfidizing environment can be seen in Figure 30 and Figure 31, respectively. Figure
30a shows that Fe-IOAI had areas where a thick external scale formed (~IOJ..lm thick) and
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substrate corrosion took place, as well as areas where a thin passive layer was maintained. The
external scales that formed were seen as thick blocks, which were consistent with observations
from the surface of the specimen. On the other hand, Fe-lOAI-2Cr was almost completely
covered with a thin passive scale (~1JlIll thick), but there were a few areas where external nodules
could be seen. It should be noted that additions of titanium had no significant affect on the
corrosion behavior ofthe Fe-AI-Cr based alloys in the mixed oxidizinglsulfidizing environment.
Fe-7.5AI series in OxidizinglSulfidizing Gas
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Figure 28 - Kinetic results for the Fe-7.5wt%AI series exposed to the
mixed oxidizinglsulfidizing environment.
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Fe-10AI Series in Oxidizing/Sulfidizing Gas
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Figure 29 - Kinetic results for the Fe-lOwflioAI series exposed to the
mixed oxidizing/sulfidizing environment.
(a) (b)
Figure 30 - Polished cross section ofFe-lOAI after exposure to the oxidizing/sulfidizing gas.
Two distinct regions can be seen where both external corrosion occurred and where the
passive layer was retained (a). Substrate corrosion can also be seen in the regions
where external corrosion occurred (b).
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Figure 29 - Kinetic results for the Fe-l Owt%Al series exposed to the
mixed oxidizing/sulfidizing environment.
(a) (b)
Figure 30 - Polished cross section of Fe-l OAI after exposure to the oxidizing/sulfidizing gas_
Two distinct regions can be seen where both external corrosion occurred and where the
passive layer was retained (a). Substrate corrosion can also be seen in the regions
where external corrosion occurred (b).
75
(a) (b)
Figure 31- Polished cross section ofthe passive layer formed on Fe-10Al-2Cr after
being exposed to the oxidizinglsulfidizing gas.
2.3.3 Oxidizing Environment
The kinetic results obtained for selected alloys exposed to the oxidizing environment can
be seen in Figure 32. Alloys containing 7.5wt%AI and chromiwn additions ranging from 0-
2wf11oCr showed weight gains of approximately 1.5 mglcm2 during exposure to the oxidizing gas
at 500°C for 100 hours. Additions of 5wf11oCr to these alloys helped to retard the corrosion
kinetics so that the alloy gained only approximately 0.2 mglcm2 during 100 hours of exposure.
Alloys containing 10wflioAI showed excellent corrosion behavior in the oxidizing environment.
All exposed alloys containing 10wfiloAI gained almost no weight during 100. hours of exposure
and no significant corrosion product was observed on any of the samples. Observation of the
corrosion sample surfaces revealed that the alloys containing 7.5wt%AI had significant corrosion
products form over the entire surface. The corrosion product morphology varied with these
samples depending on the chromium concentration ofthe alloy. Figure 33 shows the differences
seen in the morphology of the external corrosion scales forFe-7.5AI, Fe-7.5AI-2Cr, and Fe-
7.SAI-5Cr. On the other hand, scratch marks could still be seen on the alloys containing
10wfi1oAI, indicating that a thin passive layer formed and protected the alloys from rapid
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(a) (b)
Figure 31 - Polished cross section of the passive layer formed on Fe-l OAI-2Cr after
being exposed to the oxidizing/sulfidizing gas.
2.3.3 Oxidizing Environment
The kinetic results obtained for selected alloys exposed to the oxidizing environment can
be seen in Figure 32. Alloys containing 7.5wt%Al and chromium additions ranging from 0-
2w1%Cr showed weight gains of approximately 1.5 mg/cm2 during exposure to the oxidizing gas
at 500°C for 100 hours. Additions of 5wt%Cr to these alloys helped to retard the corrosion
kinetics so that the alloy gained only approximately 0.2 mg/cm2 during 100 hours of exposure.
Alloys containing 10wt%Al showed excellent corrosion behavior in the oxidizing environment.
All exposed alloys containing 10wt%Al gained almost no weight during 100 hours of exposure
and no significant corrosion product was observed on any of the samples. Observation of the
corrosion sample surfaces revealed that the alloys containing 7.5wt%Al had significant corrosion
products form over the entire surface. The corrosion product morphology varied with these
samples depending on the chromium concentration of the alloy. Figure 33 shows the differences
seen in the morphology of the external corrosion scales for Fe-7.5AI, Fe-7.5AI-2Cr, and Fe-
7.5AI-5Cr. On the other hand, scratch marks could still be seen on the alloys containing
10wtJ/oAI, indicating that a thin passive layer formed and protected the alloys from rapid
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corrosion (Figure 33). Some external nodule growth was seen on the Fe-IOAI sample, but
additions ofchromium prevented any further external growth in the oxidizing environment.
From the kinetic results obtained on the matrix ofalloys it can be seen that the aluminum
concentration of the weld overlays must be at least 10wt"1o in order to stifle rapid corrosion
kinetics during 100 hours of exposure in the three gases. This can be seen for the sulfidizing gas,
the mixed oxidizinglsulfidizing environment, and theoxidizing gas in Figure 34, Figure 35, and
Figure 36, respectively. For the sulfidizing gas, two alloys containing 7.Swt%AI were protective
after 100 hours, but these two alloys gained a significant amount of weight in the mixed
oxidizinglsulfidizing gas. On the other hand, the entire Fe-lOwt"IoAI series was capable of being
protective after 100 hours in the sulfidizing gas. In the mixed oxidizinglsulfidizing gas, the
binary Fe-IOAI alloy showed weight gains that were much less than the 7.Swt"IoAI series of
alloys, but additions of chromium to the alloys containing 1Owt"IoAI stifled the corrosion kinetics
and no weight gains occurred. In the oxidizing gas, Fe-lOwt"IoAI alloys faired well and gained
relatively no weight after 100 hours. Therefore, in order to obtain a protective coating in these
types ofenvironments, at least 10wt"IoAI is required.
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Figure 32 - Kinetic results for alloys exposed to the oxidizing environment.
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Fe-7.5A1-2Cr
Fe-lOAl-5Cr
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Fe-7.5A1-2Cr
Fe-7.5A1-5Cr
Figure 33 - Selected samples exposed to the
oxidizing environment at 500°C for 100
hours. Notice the differences in external
scales that form depending on the alloy
concentration.
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Figure 33 - Selected samples exposed to the
oxidizing environment at sooae for 100
hours. Notice the differences in external
scales that fonn depending on the alloy
concentration.
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Figure 34 - Effect ofchromium on the amount ofweight gained after 100 hours ofexposure to
the sulfidizing gas at 500°C.
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Figure 35 - Effect ofchromium on the amount ofweight gained after 100 hours ofexposure to
the mixed oxidizinglsulfidizing gas at 500°C.
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Figure 36 - Effect ofchromium on the amount ofweight gained after 100 hours ofexposure to
the oxidizing gas at soooe.
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It can also be seen that there are critical chromium concentrations that need to be met in
order to significantly reduce the corrosion rates. These critical chromium concentrations required
for protection in the sulfidizing gas, the mixed oxidizinglsulfidizing environment, and the
oxidizing gas can be seen in Figure 34, Figure 35, and Figure 36, respectively. In the sulfidizing
environment, the critical chromium level needed to be at least swtOlo for a Fe-Al-Cr ternary alloy
containing 7.swtOIoAI, but could be reduced to 2wtOioCr with the addition of 1.swtOIoTi. Again,
alloys containing 10wtOioAI were protective both with and without chromium additions in the
sulfidizing gas. In the mixed oxidizinglsulfidizing gas, the critical chromium level needed to
suppress rapid kinetics was seen to be 1wtOloCr when the aluminum concentration was 10wt%.
Additions of chromium to alloys containing less aluminum did not significantly improve the
corrosion resistance in this mixed environment. In the oxidizing environment, additions of swtOlo
chromium helped to significantly reduce the corrosion kinetics for alloys containing 7.5wtOJ'oAI,
but alloys containing 10wtOIoAI gained relatively no weight despite the chromium concentrations.
Therefore, thermogravimetric measurements indicated that in order to reduce the corrosion rates
in the highly sulfidizing environment alloys with 7.5wt%AI need at least 5wtOioCr and alloys with
10wtOioAI require no chromium additions. On the other hand, in the mixed oxidizinglsulfidizing
environment, 10wt%AI with 1wtOloCr additions are needed for protection. The oxidizing
environment requires the weld overlays to have at least 10wtOioAI but no chromium additions are
needed to prevent rapid corrosion kinetics.
The integrity of the scales was explored further by observing whether the scale was .
completely uniform or ifbreakdown ofthe passive layer took place during 100 hours ofexposure.
The sulfidized Fe-lOAI-2Cr sample was fractured in liquid N2 and the surface can be seen in
Figure 37. The majority ofthe surface was covered by a thin «1J.Ull) uniform layer (Figure 37a),
but there were areas where initial stages ofextemaIcorrosionwere observed (Figure 37b). These
small external corrosion products could not be seen when observing the surface on the SEM, but
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were obvious when looking at the cross sections. Similar results were found for Fe-lOAI-lCr
exposed to the mixed oxidizinglsulfidizing gas, which can be seen in Figure 38. It can be seen
from these images that a thin passive layer was present over the entire sample surface, but large
nodules could be seen protruding from the surface at several areas. When observing a non-
protective sample (Fe-7.5AI-2Cr) exposed to the oxidizing environment, the thin passive layer
could again be detected in areas where nodule growth did not completely cover the surface
(Figure 39).
These results show that a passive layer, less than 1J.I.Ill thick, formed on the alloys
exposed to the three different environments. Non-protective samples, such as the one shown in
Figure 39, still formed the passive layer but large areas of nodules were observed to overgrow
this layer. Some alloys seemed to be protective according to the· kinetic data, but after
examination of the scales through microscopy nodules were observed on the samples. This was
evident from Fe-10Al-2Cr exposed to the sulfidizing environment and Fe-lOAI-lCr exposed to
the mixed oxidizinglsulfidizing gas. Each of these seemed to be protective after 100 hours in
their respective environments according to the kinetic data, but small areas where the passive
layer broke down resulted in external nodule growth. From these images it was concluded that
kinetic data alone was not enough to determine the corrosion resistance ofan alloy. The integrity
of the passive layer needed to be observed as well in order to determine if nodule formation can
occur and overgrow the protective scale after 100 hours, as seen in Figure 39d.
84
(a) (b)
Figure 37 - Fractured cross section ofFe-lOAI-2Cr exposed to the sulfidizing gas. The thin
passive layer covered the entire sample (a), but external nodules were
sporadically observed across the surface (b).
(a) (b)
Figure 38 - Fractured cross section ofFe-lOAI-lCr exposed to the mixed oxidizinglsulfidizing
gas. The passive layer was observed over the entire cross section (a), but large nodules
were seen protruding from the surface as well (b).
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(a) (b)
Figure 37 - Fractured cross section of Fe-I OAI-2Cr exposed to the sulfidizing gas. The thin
passive layer covered the entire sample (a), but external nodules were
sporadically observed across the surface (b).
(a)
Iflm
(b)
Figure 38 - Fractured cross section of Fe-I OAI-I Cr exposed to the mixed oxidizinglsulfidizing
gas. The passive layer was observed over the entire cross section (a), but large nodules
were seen protruding from the surface as well (b).
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(a)
(c)
(b)
(d)
Figure 39 - Fe-7.5AI-2Cr exposed to the oxidizing environment. Note that the passive
layer was observed to be less than 1f.UIl thick (a) and (b) and the nodules that fonned
were several microns in diameter (c). The nodules were also observed to fonn at
random sites and then grow together (d).
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Figure 39 - Fe-7.SAI-2er exposed to the oxidizing environment. Note that the passive
layer was observed to be less than Illm thick (a) and (b) and the nodules that formed
were several microns in diameter (c). The nodules were also observed to form at
random sites and then grow together (d).
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The formation of nodules through a protective layer has been discussed thoroughly in
Chapter 1. Tomaszewicz and Wallwork described in detail the formation of iron oxide nodules
on iron-aluminides at the initial stages of oxidation47 (see Figure 20). Whereas, Banovic et. al.
proposed the explanation that the development ofnodules involving the mechanical breakdown of
the protective layer48 (see Figure 21). Although the mechanism responsible for the formation of
nodules on alloys in these environments could not be determined by kinetic data and microscopy
of the exposed samples alone, it was inferred that the amount ofsurface area covered by nodules
was a direct indication ofthe ability ofthe passive layer to remain protective on the sample.
Sample surfaces were therefore observed to determine the amount of area covered by
external nodule scales. The area fraction covered by nodule growth after 100 hours of exposure
was plotted against the chromium content of the alloys to determine if there was an alloying
dependence (Figure 40). It was found that alloys containing 7.5wf'IoAI were almost completely
covered with nodules in the sulfidizing environment, but the amount ofarea covered by nodules
decreased with an increase in the chromium concentration. On the other hand, alloys containing
7.5wf'IoAI exposed to the mixed oxidizinglsulfidizing atmosphere were completely covered with
nodules, despite any chromium additions. Alloys containing 7.5wf'IoAI exposed to the oxidizing
environment showed that the area covered by nodules had a chromium dependence, but additions
of 5wf'IoCr only reduced the amount of area covered by nodules to 60%. The amount of area
covered by nodules on alloys containing 10wf'IoAI was seen depend on the amount of chromium
present in the alloy for all three gases. Alloys containing 10wf'IoAI exposed to the sulfidizing
atmosphere had very little area fraction covered by nodule growth on alloys without any
chromium additions, and this area covered by nodules was reduced with the addition of
chromium. On the other hand, there was a strong influence of chromium concentration in alloys
containing 10wf'IoAI when exposed to the mixed oxidizinglsulfidizing environment. The area
fraction covered by nodule growth ranged from approximately 80% for the binary Fe-IOAI to 0%
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for the ternary Fe-10AI-SCr. In the oxidizing environment, the binary Fe-lOAI alloy was covered
by sporatic nodule growth, while adding Swt"IoCr to this alloy prevented any nodules from
fonning during lOO hours ofexposure.
Comparing the kinetic results of the gases to microstructural observations, it can be seen
that there is a discrepancy as to the amount of chromium required to obtain a protective coating.
Although alloys containing 10wt"IoAI showed relatively no weight gains after 100 hours in the
sulfidizing gas (Figure 24), the microstructure revealed that a small portion of the surface
contained nodule growth. The fonnation of nodules will probably lead to increased corrosion
kinetics at times longer than 100 hours. In the mixed oxidizinglsulfidizing gas, Fe-10wt"1oAI
alloys containing at least I%Cr seemed protective after 100 hours according to the kinetic data
(Figure 29), but nodules were found on the surface of alloys containing less than Swt%Cr.
Although only a small number of nodules were present on these samples, at longer times further
breakdown of the passive layer would probably occur, leading to rapid corrosion rates. In the
oxidizing environment, alloys containing 100000IoAI seemed to be protective despite the chromium
concentration in these alloys according to the kinetic data (Figure 32), but microstructural
observations revealed that Fe-IOAI had small areas where external nodule growth occurred. It
was seen that Swt"IoCr was needed to totally prevent external nodules from fonning during 100
hours ofexposure.
From these results it can be seen that additions of chromium are beneficial to the
corrosion resistance of iron-aluminum alloys at 500°C. Kinetic data alone cannot be used to
accurately describe the high-temperature corrosion behavior of these alloys. Microstructural
analysis must be perfonned as well, to detennine the integrity ofthe passive scale. Observance of
only a few nodules even after 100 hours ofexposure could lead to unacceptable corrosion rates at
longer times. The kinetic results are valuable as they can be used to find the possible candidates
88
for protective coatings, but careful microscopy must also be employed to detennine if the alloy
will continue to be protective at times greater than the exposure time.
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Figure 40 - Nodule Area Fraction vs. Chromium Content.
2.4 Conclusions
Several alloys were exposed to three corrosive environments: a sulfidizing atmosphere, a
mixed oxidizinglsulfidizing environment, and an oxidizing environment. It was detennined that:
• Aluminum concentrations need to be at least IOwtOlo in order to prevent rapid corrosion
kinetics in all three atmospheres.
• Chromium additions were shown to help enhance fonnation ofa passive layer and inhibit
nodule growth for both environments as well.
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• Titanium additions to the ternary Fe-AI-Cr alloy were shown to help decrease the
corrosion kinetics in the sulfidizing environment, but they showed no significant
improvement to the corrosion behavior in the mixed oxidizinglsulfidizing gas.
• A critical chromium concentration was required to change the corrosion kinetics from
fairly rapid to sluggish, but this chromium level varied depending on the aluminum
concentration and the environment.
• Electron microscopy observations showed that samples which appeared passive from
kinetic results could still be problematic at long times due to the formation ofnodules.
• The critical chromium level needed to inhibit nodule growth was found to be greater than
the apparent critical chromium level needed to suppress weight gains.
• Kinetic data can help to determine likely candidates for protective coatings, but these
candidates must be scrutinized using microscopic analysis to determine if nodule
formation is prevented as well.
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3. Chapter 3: Gas-Slag-Metal Corrosion Testing
"Co"osion Behavior ofFe-AI BasedAlloys in Contact with Iron-Sulfide andExposed to
Mixed OxidJzingiSulfidizing and Oxidizing Environments"
3.1 Introduction
Traditional high temperature corrosion testing has been carried out using gaseous
corrosion tests where an alloy is exposed to a corrosive gas at elevated temperatures1,3,8,66.
Although these tests are extremely valuable to determine potential corrosion resistant coatings, it
has been shown that sulfur rich slag deposits can accumulate on the boiler tube walls and
accelerate the corrosion rates as well14. Flame impingement from the burner can increase the
amount ofash and unburned coal reaching the furnace walls. The accumulation ofthese deposits
transforms in to a layer of slag, which can contain various reactive species as described in
Chapter 1.2.2. As was previously mentioned, slag collections from actual boilers have shown that
FeS can be found in areas where corrosion losses were high15. The FeS compounds found in
these areas may be due to the decomposition of pyrite (FeS2), which is found in the coal bumt in
the furnace.
Therefore, in order to better simulate actual burner conditions, a relatively new test
combining gaseous and solid-state corrosion was preformed on several Fe-AI based alloys. These
tests made use of both gaseous and solid-state corrosion environments. The gas-slag-metal
experiments were carried out using FeS2 powder as the simulated slag and exposed to two
gaseous environments, a mixed oxidizinglsulfidizing atmosphere and an oxidizing atmosphere.
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3.2 Experimental Procedure
Alloys were cast by arc-melting high purity components under an argon atmosphere and
drop cast into a water-cooled copper mold. Cast alloys were used because it was previously
shown that the high temperature corrosion behavior of weld claddings could be explained by
using cast alloys of equivalent composition64• Binary Fe-AI alloys, ternary Fe-AI-Cr alloys, and
quaternary Fe-AI-Cr-Ti alloys that were used for this study can be seen back in Table 2 (p. 69),
which gives the alloy compositions. Quartz ring corrosion experiments97 were conducted using a
LindbergIBlue Horizontal Tube Furnace. The samples were ground to 600 grit and cleaned using
acetone. The setup consisted of a quartz ring being super-glued onto the top of the ground
surface. A predetermined amount (1680mg) of FeS2 powder, supplied by American Minerals,
was poured into the quartz ring without being packed and this setup was placed into the furnace.
A schematic for the. gas-slag-metal samples can be seen in Figure 41. Either the mixed
oxidizing/sulfidizing gas or the oxidizing gas was then introduced into the furnace at a flow of
50mL/min. The samples were heated at a rate of50°C/min and were held at 500°C for 100 hours.
Water vapor present in both gases was injected into the furnace at a controlled rate. The
components of the mixed oxidizing/sulfidizing and oxidizing gases used for exposure can be seen
back in Table 3 (p. 71). The sulfur and oxygen partial pressures were calculated using the HSC
Chemistry computer program39• Samples were carefully mounted in cold setting epoxy and their
polished cross sections were observed using Light Optical Microscopy (LOM). LOM images
were taken with an integrated camera on a LECO digital imaging system. The internal corrosion
products observed in non-protective alloys were measured using an imaging program interfaced
with a Light Optical Microscope. Quantitative chemical analysis data was obtained using a JEOL
733 Microprobe. A phi(pz) correction scheme was used to correct for absorption and
fluorescence ofx-rays that occurs during Electron Probe Microanalysis (EPMA).
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3.3 Results and Discussion
3.3.1 Mixed. OxidizinglSulfidizing Environment
Polished cross sections of alloys containing 7.5wt%AI exposed to the mixed
oxidizinglsulfidizing gas can be seen in Figure 42. It can be seen from this figure that Fe-7.5AI,
Fe-7.5AI-ICr, Fe-7.5AI-2Cr, and Fe-7.5AI-2Cr-1.5Ti all formed significant substrate and external
corrosion scales after 100 hours of exposure. The external corrosion layers formed on these
alloys were fairly non-uniform and appeared to be several microns thick. The substrate corrosion
products formed on these alloys were uniform and appeared to be made up of multiple corrosion
layers. Fe-7.5AI-5Cr formed a significant substrate scale, similar to the aforementioned alloys,
but formed a very thin external corrosion layer. All alloys containing 10wtOioAI tested in the
mixed oxidizinglsulfidizing environment showed no signs of corrosion after 100 hours of
exposure. These alloys can be seen in Figure 43.
Thickness measurements were taken of the substrate corrosion scales present on the
alloys containing 7.5wt01oAl to determine if chromium or titanium additions had any significant
effect on the corrosion behavior of these alloys. The thickness measurements can be seen in
Table 4. As can be seen from this table, some measured improvement to the substrate scale
thickness was made only when 5wt%Cr was added. Although no measurements were made of
the external corrosion product thickness, similar results were observed. Referring back to Figure
42, it can be seen that chromium additions of 1-2wt% may have made a slight improvement on
the external corrosion layer thickness, but significant improvement occurred when 5wtOioCr was
added. Titanium did not seem to make any improvement on the corrosion behavior of these
alloys. Unfortunately due to problems with surface roughness within the substrate scale area on
gas-slag-metal samples exposed to the mixed oxidizinglsulfidizing atmosphere, quantitative
analysis could not be performed to help identify the phases that formed.
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Figure 41- Schematic diagram ofthe gas-slag-metal experimental setup.
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Figure 42 - Samples containing 7.5wt%AI
exposed to FeSz powder and the mixed
oxidizinglsulfidizing environment at 500°C for
100 hours.
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Fe-7.5AI-5Cr
Figure 42 - Samples containing 7.5w1%AI
exposed to FeS2 powder and the mixed
oxidizing/sulfidizing environment at 500°C for
100 hours.
E\tcrnal Corrosion Scale
Table 4 - Substrate corrosion scale thickness for samples exposed to FeS2 powder and the mixed
oxidizing!sulfidizing environment.
Alloy Thickness (Ilm) Standard Deviation
Fe-7.5A1 30.5 2.1
Fe-7.5A1-lCr 19.7 4.3
Fe-7.5A1-2Cr 26.3 2.8
Fe-7.5AI-5Cr 11.3 1.8
Fe-7.5A1-2Cr-l.5Ti 28.6 2.2
3.3.2 Oxidizing Environment
Polished cross sections of alloys containing 7.5wt%AI exposed to the oxidizing gas can
be seen in Figure 44. It can be seen from this figure that all of the alloys containing 7.5wt<'IoAI
developed thick external corrosion layers, which were at least lOOIlffi thick, as well as uniform
substrate corrosion scales. Th~ external corrosion scale seemed to consist of two distinct layers.
The layer directly adjacent to the metal substrate was observed to contain a large amount of
porosity while the outer layer ofthe external scale was a thick solid layer that contained relatively
no pores. The substrate corrosion products observed on these alloys seemed to consist ofmultiple
layers and cracks could be seen to run through the substrate corrosion products perpendicular to
the substrate/external corrosion scale interface. Some samples, namely Fe-7.SAI and Fe-7.5Al-
2Cr-l.5Ti, showed cracks that penetrated into the base metal as well. Corrosion products were
observed within some of the cracks (see Figure 44). This would indicate that the cracks formed
sometime during exposure where corrosive species could penetrate into the substrate. These
cracks can act as fast pathways for corrosion to take place and are therefore very detrimental to
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the corrosion resistance of the alloy. Fe-7.5AI-lCr contained cracks that ran both parallel and
perpendicular to the substrate/external corrosion scale interface. The only alloy containing
7.5wfl1oAI that did not show significant cracking of the internal scale was Fe-7.5AI-5Cr, which
contained the smallest substrate corrosion layer. This may indicate that the perpendicular cracks
observed in these samples are related to the thickness ofthe substrate corrosion scales.
Thickness measurements were again taken of the internal corrosion scales in these alloys
to determine if the alloying additions had any significant affect on the corrosion behavior. The
internal corrosion scale thickness measurements for these alloys exposed to the oxidizing gas can
be seen in Table S. Similarly to the results obtained when these alloys were exposed to the mixed
oxidizinglsulfidizing gas, there was no significant effect of chromium on the substrate scale
thickness until 5wflioCr was added. It was also observed that cracking ofthe substrate corrosion
scale occurred in all samples containing thickness layers in excess of approximately 45J.1IIl. The
external corrosion layer thickness seemed to decrease slightly with the addition ofchromium, but
the scales were too convoluted to obtain relevant thickness data, Again the addition of titanium
to Fe-7.5AI-2Cr did not have any beneficial affect on the corrosion resistance ofthis alloy.
Alloys containing 10wt%AI exposed to the oxidizing gas can be seen in Figure 45. It can
be seen from this figure that all alloys, with the exception of Fe-IOAI-lCr, formed no significant
substrate or external corrosion product during lOO hours of exposure. On the other hand, Fe-
1OAI-lCr developed both substrate and external corrosion layers, which appeared to look similar
to the corrosion products formed on the alloys containing 7.SwflIoAI exposed to the oxidizing
environment. The substrate corrosion layer formed on Fe-IOAI-ICr was measured to be 92.0 ±
8.2J.1IIl thick and cracking could be seen both parallel and perpendicular to the internaVexternal
corrosion layer interface. This specimen was believed to not be representative of the Fe-lOAI
series ofalloys, but no explanation ofthis unexpected result can be given at this time.
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Figure 43 - Samples containing 10wtOioAI
exposed to FeS2 powder and the mixed
oxidizinglsulfidizing environment at 500°C
for 100 hours.
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Fe-lOAl-ICr
Fe-IOAI-5Cr
Figure 43 - Samples containing 10w1%AI
exposed to FeS2 powder and the mixed
oxidizing/sulfidizing environment at sooae
for 100 hours.
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Fe-7.5Al-2Cr-l.5Ti
Figure 44- Samples containing 7.SwV'IoAI in contact with FeS2 powder and exposed to the
oxidizing environment at 500°C for 100 hours. Note the corrosion product that fonned within the
penetrating crack in the Fe-7.SAI-2Cr-1.STi sample.
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External Corrosion Scale
Figure 44- Samples containing 7.5wt%Al in contact with FeS2 powder and exposed to the
oxidizing environment at 500°C for 100 hours. Note the corrosion product that formed within the
penetrating crack in the Fe-7.5AI-2Cr-1.5Ti sample.
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From these results it can be seen that 10wtOioAI is required to prevent significant
corrosion to take place in both the mixed oxidizinglsulfidizing and oxidizing environments when
alloys are in contact with FeS2. The additions of less than SwtOloCr had little effect on the
corrosion behavior of alloys containing 7.5wtOIoAI,.·but adding 5wt%Cr helped to decrease the
amount of corrosion that occurred on these alloys. Titanium additions again had no significant
effect on the corrosion behavior ofany ofthe alloys in either environment.
Table 5 - Substrate corrosion layer thickness for samples exposed to FeS2 powder and the
oxidizing environment.
Alloy Thickness (J..Lm) Standard Deviation
Fe-7.5AI 103.1 12.5
Fe-7.5Al-1Cr 69.2 2.0
Fe-7.5AI-2Cr 91.3 1.6
Fe-7.5Al-5Cr 43.3 2.0
Fe-7.5AI-2Cr-l.5Ti 88.4 19.3
100
Fe-lOAl
50)lm
-
Fe-lOAl-lCr
Fe-10AI-2Cr-l.5Ti
Fe-10Al·2Cr
Fe-lOAl-5Cr
Figure 45 - Samples containing 10wt%AI
exposed to FeSz powder and the oxidizing
environment at 500°C for 100 hours.
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Figure 45 - Samples containing IOw1%AI
exposed to FeS2 powder and the oxidizing
environment at 500°C for 100 hours.
To better understand the types of reactions that took place during the gas-slag-metal
experiments, the substrate corrosion scales that formed during exposures to the oxidizing
environment were considered in greater detail by obtaining quantitative compositional data on the
individual internal corrosion layers. Quantitative compositional data was obtained for two
samples exposed to the oxidizing environment, Fe-7.5Al and Fe-7.5AI-2Cr, by using Electron
Microprobe Analysis (EPMA). Three line scans were taken on different areas for each sample
. and the points of analysis were selected in an attempt to obtain data for the individual corrosion
products that comprised the entire substrate corrosion layer. A phi(pz) correction scheme was
applied to the raw data to correct for absorption and fluorescence of x-rays that occurs during
analysis.
The fIrst, second, and third areas where compositional traces were taken for Fe-7.5Al
exposed to the oxidizing environment can be seen in Figure 46, Figure 47 and Figure 48,
respectively. It can be seen from these fIgures that although each area had a similar structure, the
observed individual layers vary from area to area. For example, the fIrst and second areas (Figure
46 and Figure 47, respectively) had very similar layered structures, but the third area (Figure 48)
contains more layers than the previous two. From the layers it was observed that there were two
distinct regions in the substrate corrosion scale. A light corrosion scale region could be seen
adjacent to the base metal and a darker scale could be seen towards the alloy surface. From the
compositional data it could be seen that the substrate scale formed on Fe-7.5Al was rich in iron,
aluminum, oxygen, and sulfur. Three EPMA line traces were also conducted on the Fe-7.5AI-2Cr
sample exposed to the oxidizing environment and the fIrst, second, and third scans taken on this
sample can be seen in Figure 49, Figure 50, and Figure 51, respectively.
Although each individual phase could not be identifIed from the EPMA compositional
data due to the layer size and variations caused by· surface roughness, some general statements
can be made about the substrate corrosion layer. One of the fIrst tools that can be used to help
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identify the phases that may be present in the substrate corrosion layer is the phase stability
diagram. According to the Fe-O-Sand AI-O-S phase stability diagrams shown in Figure 52, the
stable phases that should be present in the oxidizing environment are FeZ03 and Ah03. By
performing some simple calculations using the molecular weights of iron, aluminum, and oxygen
and assuming that the amount of FeZ03 and Ah03 are the same within the substrate corrosion
scale, approximate weight fractions for each element can be determined. From these calculations
it was found that ifFez03 and Ah03 are the only phases present and they are present in a 1:1 ratio
(50%Fez03, 50%Ah03), the weight fractions should be: 42.7wt«>/oFe, 20.6wt«>/oAI, and 36.7wt«>/oO.
Comparing these values to the EPMA data found for the Fe-7.5AI sample it can be seen that the
iron and aluminum levels are in good agreement with the simple weight fraction calculations.
The iron and aluminum compositions for the substrate corrosion layer within the Fe-7.sAl sample
are approximately 40wt%Fe and 20wt%AI. The aluminum concentration directly adjacent to the
base metal was less than 20wt%AI, most likely due to an aluminum depleted region adjacent to
the base metal caused by aluminum diffusion away from the metal towards the surface of the
alloy.
One discrepancy with this analysis was that the oxygen levels observed through EPMA
data were lower than the calculated values. Sulfur was also observed within the substrate
corrosion layer, which was not predicted according to the phase stability diagrams. The presence
of sulfur could possibly be explained from the FeSz powder that was in contact with the metal
during exposure. Reactions between the gaseous environment and the slag powder could result in
a local increase in the sulfur partial pressure at the metaVslag interface. Looking at the phase
stability diagrams in Figure 52 it can be seen that a slight increase in sulfur partial pressure could
result in the formation of either FeZ(S04)3 or Alz(S04)3, which could change the sulfur and
oxygen compositions within the substrate corrosion layer.
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Another major variable that could cause a discrepancy between the calculations based on
the phase stability diagrams and the EPMA data is the assumption that the phases located within
the substrate corrosion layer are in a 1:1 ratio. Adjusting this ratio slightly can have a significant
effect on the substrate corrosion layer composition. Another variable is that the oxygen and
sulfur partial pressures will decrease traveling inward from the surface of the alloy. This
indicates that the stable phases will most likely change through the substrate corrosion layer.
Differences in the stable phases based on the phase stability diagrams could possibly explain the
increase in the sulfur composition and the decrease in the oxygen concentration observed
approximately half-way through the composition trace, where the lighter scale changes over to a
darker colored scale. Changes in either the stable phases or the amount of each phase present
could result in the shift in the sulfur and oxygen concentrations within this region. Other factors
that could contribute to the complexity of the scale interpretation are solid solubility between
phases, porosity in the substrate corrosion scale, and errors associated with both the phase
stability diagrams and collecting EPMA data. Overall, it can be said that the most probable
phases present in the Fe-7.5AI substrate corrosion scale are Fe203, Fe2(S04)3, Ah03, and
Ah(S04)3. These phases are most likely to be present but the amount of each phase and where
the phases are located cannot be determined using this technique.
Analysis on the Fe-7.5AI-2Cr sample exposed to the oxidizing environment was more
difficult than analysis performed on the Fe-7.5AI sample, when making the same assumptions as
was made for analysis of the Fe7.5Al sample. According to the Cr-O-S Phase Stability Diagram
(shown in Figure 53) Cr203 should be the chromium containing stable phase. Again, due to the
FeS2 powder in contact with the metal, the sulfur partial pressure could increase slightly and
change the stable phase from Cr203 to Cr2(S04)3. Simple analysis of the predicted weight
fractions for each element, assuming a I:1:1 ratio, could not be correlated with the EPMA data
for the chromium-containing sample. As with the Fe-7.5AI sample, the most probable phases
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present in the Fe-7.5AI-2Cr substrate corrosion layer are Fe203, F~(S04)3, Ah03, Ah(S04)3,
Cr203, and Cr2(S04)3.
Some general trends can also be pointed out from these compositional traces performed
on the two samples, Fe-7.5AI and Fe-7.5AI-2Cr. It can be seen from the traces performed on
both samples that, generally speaking, the aluminum concentration increased from the base metal
towards the surface. A depleted region was observed in the base metal adjacent to the substrate
corrosion scale. The nominal composition of the as-received samples was approximately
7.5wt%AI and the metal had a composition of approximately 5wt%AI adjacent to the
metal/substrate corrosion layer interface. The chromium trace performed on the Fe-7.5AI-2Cr
also showed a slight increase in the chromium level from the base metal towards the metal
surface. These observations would indicate that aluminum and chromium diffused outward from
the metal to the surface of the alloy, which is consistent with the general observation that high
temperature corrosion occurs by outward cation diffusion.
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Figure 46 - EPMA trace (Scan 1) across the internal scale for Fe-7.sAI exposed
to the oxidizing environment while in contact with the FeS2 powder.
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Figure 46 - EPMA trace (Scan I) across the internal scale for Fe-7.5Al exposed
to the oxidizing environment while in contact with the FeS2 powder.
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Figure 47 - EPMA trace (Scan 2) across the internal scale for Fe-7.5AI exposed
to the oxidizing environment while in contact with the FeS2 powder.
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Figure 47 - EPMA trace (Scan 2) across the internal scale for Fe-7.5Al exposed
to the oxidizing environment while in contact with the FeS} powder.
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Figure 48 - EPMA trace (Scan 3) across the internal scale for Fe-7.5AI exposed
to the oxidizing environment while in contact with the FeS2 powder.
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Figure 48 - EPMA trace (Scan 3) across the internal scale for Fe-7.5AI exposed
to the oxidizing environment while in contact with the FeS2 powder.
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Figure 49 - EPMA trace (Scan 1) across the internal scale for Fe-?.5Al-2Cr exposed
to the oxidizing environment while in contact with the FeS2 powder.
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Figure 49 - EPMA trace (Scan 1) across the internal scale for Fe-7.5AI-2Cr exposed
to the oxidizing environment while in contact with the FeS2 powder.
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Figure 50 - EPMA trace (Scan 2) across the internal scale for Fe-7.5AI-2Cr exposed
to the oxidizing environment while in contact with the FeS2 powder.
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Figure 50 - EPMA trace (Scan 2) across the internal scale for Fe-7.5AI-2Cr exposed
to the oxidizing environment while in contact with the FeS2 powder.
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Figure 51- EPMA trace (Scan 3) across the internal scale for Fe-7.5Al-2Cr exposed
to the oxidizing environment while in contact with the FeS2 powder.
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Figure 51 - EPMA trace (Scan 3) across the intemal scale for Fe-7.5AI-2Cr exposed
to the oxidizing environment while in contact with the FeSc powder.
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Figure 52 - Fe-O-S Phase Stability Diagram (a) and AI-O-S Phase Stability Diagram (b). The
red point indicates where the oxidizing environment lies in each diagram.
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3.4 Conclusions
Ten iron-aluminum based alloys were exposed to two corrosive environments while in
contact with FeS2 powder at 500°C for 100 hours. It was found that:
• In the mixed oxidizinglsulfidizing environment alloys containing aluminum
concentrations of only 7.SwtO/o were not protective regardless of chromium and titanium
additions. These alloys all formed an internal corrosion layer, which were approximately
20-30J.1lll thick, along with significant external corrosion layers. On the other hand,
alloys containing 10wt%AI performed well in the mixed oxidizing/sulfidizing
environment, as they formed no significant corrosion products.
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• In the oxidizing environment it was found that alloys containing 7.5wt«'IoAI were again
not protective and formed both internal and external growing corrosion products. The
substrate corrosion layer showed cracks that protruded into the base metal as well.
Additions of 5wt«'IoCr helped to reduce the amount of corrosion that occurred during 100
hours of exposure. Again, increasing the aluminum concentration to 1Owt% improved
the corrosion resistance dramatically. Additions of lwt«'IoCr actually had a detrimental
effect on the corrosion resistance of these alloys in the oxidizing environment, but
increasing the chromium concentration to 2wt«'10 provided protection during 100 hours of
exposure.
• EPMA results on samples exposed to the oxidizing environment showed that the
substrate corrosion scale that formed on gas-slag-metal samples consisted of various
layers that varied slightly in composition. Phase stability diagrams were used to identify
the most probable corrosion products present in the substrate corrosion layer. A region
adjacent to the substrate corrosion scale was slightly depleted in aluminum and these
levels increased within the scale towards the surface of the alloy. This indicated that the
alloying elements diffused outward from the sample to form both external and substrate
corrosion scales.
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4. Chapter 4: Thermal Spray Coatings
"Co"osion Behavior ofFe-Al BasedHVOF Thermal Spray Coatings"
4.1 Introduction
In order to prevent the corrosion of waterwall boiler tubes in fossil-fueled power plants,
Fe-AI based alloys are being considered for coatings to be deposited on the boiler tubes. Two
main types of coatings that are being considered are weld overlay claddings and thermal spray
coatings. Weld overlay claddings have an advantage to thennal spray coatings as they provide a
good metallurgical bond between the coating and the substrate. Unfortunately, Fe-AI based
alloys with aluminum concentrations greater than 10wt«'IoAI are susceptible to hydrogen
cracking7,95. It has been shown previously that the high temperature corrosion lifetime of a
coating is directly related to the aluminum content of the alloy55. Therefore, desired high
aluminum content Fe-AI based coatings have yet to be successfully deposited using weld
claddings. On the other hand, the main advantage of thennal spray coatings is that higher
aluminum concentrations can be achieved within the coating.
It has been shown that traditionally used Arc Plasma Sprayed (APS) thermal spray
coatings have high amounts of porosity and aluminum depleted regions due to the degradation of
the Fe-AI based powder during application9. The porosity within the coating can be detrimental
to the protection·of the coating because corrosive gases may be able to penneate through the
coating and attack the underlying substrate. A relatively new technique, known as High-Velocity
Oxy-Fuel (HVOF) process, has been shown to deposit coatings with relatively low porosity and
oxide inclusions9. Lowering the amount ofporosity and oxide inclusions within the coating could
potentially prevent the corrosive gas from penetrating to the substrate and attacking beneath the
coating. It has previously been shown that the corrosion resistance of Fe-AI based HVOF is
superior to that of Fe-AI based APS coatings9. In order to detennine how the high temperature
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corrosion behavior ofHVOF thennal sprays compare to weld overlaycladdings, multiple coating
samples were exposed to two corrosive gaseous environments both with and without FeS2 slag in
contact with the coating.
4.2 Experimental Procedure
Iron-aluminum powder used to produce thennal spray coatings with lower aluminum
concentration (Powder 16), commercially known as FAS, was provided by AMETEK. The
powder used for the coatings was classified as having a US Standard Mesh Size of -270, which
meant that the largest particles were less than 50J.llll in diameter. Oak Ridge National Laboratory
(ORNL) provided iron-aluminum powder used to produce the thennal spray coatings with higher
aluminum concentration (Powder 21). The chemical compositions of the powders were found
using wet chemical analysis and can be seen in Table 6. The powder was sent to Idaho National
Engineering and Environmental Laboratory (lNEEL) where it was sifted once again and sprayed.
Thennal sprays were applied to a low carbon steel substrate using a High-Velocity Oxy-Fuel
(HVOF) process. Once received, the thennal spray coatings were sectioned using a high-speed
diamond saw. Sprayed coating compositions were obtained using a JEOL 733 Microprobe, and a
phi(pz) correction scheme was used to correct for absorption and fluorescence that occurred
during EPMA. EPMA gathered for the coating compositions was carried out over 10-15 points
located randomly across the entire length of the thermal spray coatings. Sections of the coating
coupons were mounted in cold setting epoxy and polished to 1J.l11l for observation on the Light
Optical Microscope. Coating thickness and oxide/porosity area fraction measurements were
carried out using a Light Optical Microscope interfaced with a LECO digital imaging program.
Gaseous and gas-slag-metal corrosion experiments were carried out in a LindbergIBlue
Horizontal Tube Furnace. Samples used for the gas-slag-metal corrosion experiments were
cleaned in acetone before a quartz ring was glued onto the coating surface. The quartz tube was
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filled with a predetermined amount (1680mg) of FeS2 powder. A schematic diagram of the gas-
slag-coating experiments can be seen in Figure 54. The powder was weighed to the nearest tenth
of a milligram using a digital balance. Both the gas-slag-coating sample and the gaseous sample
were simultaneously tested at 500°C for 100 hours exposed to either the mixed
oxidizing/sulfidizing gas or the oxidizing gas. The gas compositions can be seen back in Table 3
(p. 71). The sulfur and oxygen partial pressures were calculated using the HSC Chemistry
program39• A gas-slag-metal sample and a gaseous sample were exposed in the mixed
oxidizing/sulfidizing gas at 500°C for 450 hours as well. The samples were then mounted in cold
setting epoxy and observed on the Light Optical Microscope. Images were taken using a camera
integrated onto a Light Optical Microscope.
Table 6 - Iron-aluminum powder composition used to produce lower aluminum HVOF coatings
(MOIo).
Elements Powder 16 (FAS) Powder 21
Fe 80.25 77.09
Al 16.10 21.67
Cr 2.58 0.04
0 0.056 0.023
S 0.011 0.006
C 0.064 0.058
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Figure 54 - Schematic diagram ofthe gas-slag-coating experimental setup.
4.3 Results and Discussion
4.3.1 Initial Characterization
Six HVOF thermal spray coatings made with Powder 16 and four HVOF coatings made
with Powder 21 were received from INEEL. The thermal spray coupons were approximately
15mm wide by 7cm long. Quantitative chemical analysis of selected coatings was obtained by
EPMA and can be seen in Table 7. Polished cross sections observed on the LOM revealed that
all the coatings contained little porosity or oxides and that the coating thickness for all of the
samples were on the order of several hundred microns. The maximum thickness of the coatings
was located at the center of the thermal spray coupon and the thickness tapered off to minimum
values at the edges of the coupon. Thickness measurements were therefore taken both at the
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center of the coating and at the edges as well. Edge measurements were taken from
approximately 2mm from the edge inward while center measurements were taken from
approximately 2mm on each side of the maximum thickness of the coating. Oxides and porosity
observed in the coatings were difficult to differentiate between using the LOM, therefore area
fraction measurements were taken of the combined oxide/porosity contained in the coatings. The
coating thickness measurements and the oxide/porosity contents can be seen in Table 8. The
letter designation for the thermal sprays indicates that separate spray runs were made for each
powder, but with identical processing parameters. Typical micrographs of the thermal sprays
made with Powder 16 and Powder 21 can be seen in Figure 55. It can be seen from the thickness
results that the coatings ranged from less than 150Jllll to over 400Jllll thick. Overall, the HVOF16
series coatings were slightly thicker than the HVOF21 series coatings, but the lower aluminum
content coatings (HVOFI6) contained significantly more oxides/porosity than the higher
aluminum content coatings (HVOF21).
Table 7 - Chemical compositions ofcoatings selected for corrosion testing obtained by EPMA.
Elements HVOF16A HVOF21A
Fe 82.7 ± 0.37 78.3 ± 1.3
Al 15.6 ± 0.20 21.4 ± 0.74
Cr 2.1 ± 0.08 0.04 ± 0.03
0 0.10 ± 0.14 0.31 ± 0.44
S 0.01 ± 0.01 0.01 ± 0.01
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Table 8 - Coating thickness and oxide/porosity area fraction measurements.
Coating OxidelPorosity Area
Center Thickness (J.lm) Edge Thickness (J.lm)
Designation Fraction (%)
Lower Aluminum Content Coatings (powder 16)
HVOF16A 294 181 14
HVOF16B 262 161 16
HVOF16C 340 255 17
HVOFl6D 385 223 12
HVOF16E 408 266 10
HVOF16F 319 249 15
Higher Aluminum Content Coatings (powder 21)
HVOF21A 291 180 4
HVOF21B 252 178 5
HVOF21C 318 201 2
HVOF21D 215 139 5
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Figure 55 - As received HVOF thennal spray coatings representative ofcoatings tested.
4.3.2 Gaseous Corrosion Testing
Two thennal spray samples were selected from each class of coatings. Coating
HVOF16A and coating HVOF21A were selected for gaseous corrosion testing in the mixed
oxidizing/sulfidizing and oxidizing environments at 500°C for 100 hours. Coating HVOF16B
and HVOF21B were selected for gaseous corrosion testing in the mixed oxidizing/sulfidizing
environment only for 450 hours. Different samples were used from each group ofthermal sprays
because there was not enough coating on one sample to perform all corrosion tests. Polished
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Figure 55 - As received HVOF them1al spray coatings representative of coatings tested.
-t3.2 Gaseous Corrosion Testing
Two thennal spray samples were selected from each class of coatings. Coating
HVOF I6A and coating HVOF21 A were selected for gaseous corrosion testing in the mixed
oxidizinglsulfidizing and oxidizing environments at 500°C for 100 hours. Coating HVOF I68
and HVOF218 \\ere selected for gaseous corrosion testing in the mixed oxidizinglsulfidizing
environment only for 450 hours. Different samples were used from each group of thermal sprays
because there was not enough coating on one sample to perfonn all corrosion tests. Polished
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cross sections of HVOF16A and HVOF21A exposed to the mixed oxidizing/sulfidizing
environment for 100 hours can be seen in Figure 56. It can be seen from this figure that very
little attack ofthe coatings actually occurred, but it appeared that some corrosion products formed
in the HVOF16A sample at the coating/substrate interface. This was verified using Energy
Dispersive Spectroscopy (EDS), which indicated that sulfur and oxygen were present at the
interface after being exposed to the mixed oxidizing/sulfidizing environment (Figure 57). A
crack was also present at the coating/substrate interface on the HVOF16A sample. It was then
observed that the higher aluminum content coating (HVOF21A) had extensive cracking that ran
parallel to the coating/substrate interface and around unmelted particles. No corrosion products
were observed at the interface on the HVOF21A sample after 100 hours ofexposure.
HVOF16B and HVOF21B exposed to the mixed oxidizing/sulfidizing environment for
450 hours had oxygen and sulfur rich corrosion products at the coating/substrate interface as well.
Figure 58 shows. these coatings exposed for longer times in the mixed oxidizing/sulfidizing
environment. It can be seen from this figure thatHVOF21B, which contained approximately
21wtOloAl, showed extensive corrosion after 450 hours ofexposure. Note that the coating can still
be seen between the outward growing external scale and the internal growing scale. The
16wtOioAl coating also lost considerable amount of coating thickness after being exposed to the
mixed environment for 450 hours. Comparing HVOF16B as received (Figure 55) and after 450
hours of exposure in the mixed oxidizing/sulfidizing environment (Figure 58) it can be seen.that
over half of the original coating thickness was lost. Relatively small amounts of corrosion
products could be seen on the HVOF16B sample at the coating/substrate interface as well.
The significant amount of coating loss that was observed on the HVOF16B and
HVOF21B samples exposed to the mixed oxidizing/sulfidizing environment for 450 hours may
have occurred due to two possible events. First, relatively small amounts of corrosion product
can be seen on HVOF16B both at the coating/substrate interface and on the coating surface, while
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large amounts of corrosion can be seen on HVOF21B. One possible reason for the coating loss
may be that the coating was not protective for long times in the mixed oxidizing/sulfidizing
environment and the top of the coating was attacked and·broke away due to thern'lal and growth
stresses within the corrosion scale. Another possible explanation may be that the cracks that run
parallel to the coating/substrate interface seen on some samples, such as HVOF21A exposed to
the mixed oxidizing/sulfidizing environment for 100 hours, were also present on the HVOF16B
and HVOF21B samples after 450 hours of exposure. These cracks could have lead to a coating
loss if the coating was under enough stress for the top portion to break away from the rest of the
coating. These cracks could also act as fast diffusion paths for corrosive gases to attack the
underlying coating or substrate if the cracks were exposed to the atmosphere. Despite the
mechanism behind the coating losses, it can be seen that the HVOF thermal spray coatings are not
protective at longer times when exposed to the mixed oxidizing/sulfidizing environment.
Similar results were found for HVOF16A and HVOF21A exposed to the oxidizing gas
for 100 hours. Polished cross sections of these coatings, seen in Figure 59, revealed that
relatively no corrosion took place within the 21wt%Al coating and no corrosion products could
be observed at the coating/substrate interface. Again, cracks running parallel to the
coating/substrate interface could be seen in the HVOF21A sample after exposure to the oxidizing
environment for 100 hours. For the 16wt%Al coating, significant coating thickness loss occurred
similar to the mixed oxidizing/sulfidizing environment at longer times. No corrosion products
were observed either within the HVOF16A coating or at the coating/substrate interface. Again
coating loss may have been either due to the formation of cracks parallel to the coating/substrate
interface or from corrosion products forming within the coating and the top portion ofthe coating
breaking away due to thermal or scale growth stresses.
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Figure 56 - HVOF16A (a) and HVOF21A (b) exposed to the mixed oxidizing/sulfidizing
environment at 500°C for 100 hours. Note the corrosion product that can be seen on HVOF16A
at the coating/substrate interface and the large cracks that run along the HVOF21A coating.
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Figure 57 - EDS ofthe corrosion products found at the coating/substrate interface on the
HVOF16A coating exposed to the mixed oxidizinglsulfidizing environment (a) and the
HVOF16A coating exposed to the oxidizing environment while in contact with FeS2 (b) for 100
hours. Note that oxygen and sulfur were both present at the coating/substrate interfaces.
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(a) (b)
Figure 58 - HVOF16B (a) and HVOF21B (b) exposed to the mixed
oxidizinglsulfidizing environment at 500°C for 450 hours.
100~m
-
(a) (b)
Figure 59 - HVOF16A (a) and HVOF21A (b) exposed to the oxidizing gas for 100 hours.
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4.3.3 Gas-Slag-Coating Corrosion Testing
Coatings HVOF16A and HVOF2lA were exposed to the mixed oxidizing/sulfidizing gas
and the oxidizing gas while in contact with FeS2 powder at sooac for 100 hours. Polished cross
sections of these samples can be seen in Figure 60. It can be seen that these coating exposed
during the gas-slag-metal corrosion test behaved similarly to when they were exposed to the gas
only. Cracks were observed in all the HVOF16A and HVOF2lA coatings exposed to both the
mixed oxidizing/sulfidizing environment and the oxidizing environment while in contact with
FeS2. These cracks ran parallel or along the coating/substrate interface. Corrosion products
could not be detected within the coatings, but they were found along the coating/substrate
interface on HVOF16A after exposure to the oxidizing environment while in contact with FeS2.
The corrosion products observed at the coating/substrate interface on the HVOFl6A coating
exposed to the oxidizing environment while in contact with FeS2 were rich in both oxygen and
sulfur and can be seen in Figure 57.
It can be seen from these results that although the HVOF thermal spray coatings were
relatively corrosion resistant at Sooac in the two environments up to 100 hours of exposure,
extensive cracking could be seen running parallel to or along the coating/substrate interface in
several samples, and in other samples it was also observed that the corrosive atmosphere was able
to reach and attack the non-protective substrate. When looking at each individual coating, the
HVOF16A coating (16wt<'IoAl) formed corrosion products rich in oxygen and sulfur at the
coating/substrate interface after 100 hours of exposure to the mixed oxidizing/sulfidizing
environment. The coating with an equivalent composition (HVOF16B) demonstrated significant
coating thickness loss after 450 hours of exposure in this mixed atmosphere. After 100 hours of
exposure to the oxidizing environment, HVOF16A demonstrated a significant coating thickness
loss as well. The addition of FeS2 powder to the mixed oxidizinglsulfidizing atmosphere and the
oxidizing environment resulted in cracks along the coating/substrate interface for HVOF16A
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coatings. HVOF16A also formed small corrosion products rich in oxygen and sulfur after being
exposed to the oxidizing environment (with FeS2) for 100 hours.
The HVOF21A coating (21wt"IoAl) formed cracks that ran parallel to the
coating/substrate interface after 100 hours of exposure to the mixed oxidizinglsulfidizing
environment. After 450 hours of exposure in the same mixed environment, significant corrosion
took place of both the coating (HVOF21B) and the substrate and a large amount of the coating
thickness was lost. In the oxidizing environment, HVOF21A did not form any corrosion products
but cracking of the coating was observed again after 100 hours of exposure. Placing FeS2 in
contact with the HVOF21A coatings did not change the corrosion behavior of this coating in
either the mixed oxidizinglsulfidizing environment or the oxidizing atmosphere. Again, cracks
running parallel to the coating/substrate interface were observed in the HVOF21A coatings
exposed to both types ofenvironments containing FeS2. A summary ofthe corrosion behavior for
these HVOF thermal spray coatings can be seen in Table 9. These results seem to indicate that
although the HVOF thermal spray coatings are a higher quality coating than the traditional APS
thermal spray coatings, the HVOF thermal spray coatings are not acceptable as corrosion resistant
coatings in these types of environments because they either form corrosion products at the
coating/substrate interface or significant cracking of the coating is observed.
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Figure 60 - HVOF16A exposed for 100 hours at 500°C in the mixed oxidizinglsulfidizing
environment (a) and the oxidizing environment (c) combined with HVOF21A exposed to the
mixed oxidizinglsulfidizing atmosphere (b) and the oxidizing atmosphere (d).
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Table 9 - Summary ofHVOF coating corrosion behavior in each environment. Corrosion
indicates that corrosion products were observed either on the surface ofthe coating or at the
coating/substrate interface. Cracking indicates that cracks were observed either within the
coating or at the coating/substrate interface.
Mixed Mixed Mixed Oxidizing OxidizingOz/~GasHVOF Coating Oz/S2Gas 02/S2 Gas
+FeSz Gas Gas + FeS2(IOOH) (450H) (lOOm (IOOH) (IOOH)
Cracking X v'(LOSS) .; v'(LOSS) v'
HVOF16
Corrosion v' .; X X .;
Cracking .; v'(LOSS) .; .; v'
HVOF21
Corrosion X .; X X X
.; - Cracking occurred only
';(LOSS) - Cracking occurred with significant coating thickness loss
X - Cracking or corrosion did not occur
4.4 Conclusions
HVOF thermal spray coatings containing 16wt%AI or 21wfioAI were exposed to several
corrosive environments at 500°C. It was found that:
• HVOF coatings having an aluminum concentration of 16wfioAI contained observable
corrosion products, cracks along the coating/substrate interface, demonstrated a coating
thickness loss, or had a combination ofthese when exposed to the corrosive environments
for 100 hours.
• HVOF coatings containing 21wfioAI showed no indication of corrosive attack either
within the coating or at the coating/substrate interface, but cracks were observed within
the coating parallel to the coating/substrate interface after 100 hours of exposure in all of
the corrosive environments.
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• Coatings exposed to the mixed oxidizinglsulfidizing environment for longer times (450
hours) demonstrated significant coating thickness losses and corrosion products were
observed on these samples as well.
• FeS2 powder in contact with the coatings seemed to have no significant effect on their
corrosion behavior.
• It was therefore concluded that although the HVOF thermal spray coatings have been
shown to offer better corrosion protection than the traditional APS coatings, they cannot
provide the corrosion protection needed for the application ofboiler tube coatings.
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5. Chapter 5: Critical Alloying Concentrations Needed for Corrosion Protection
5.1 Introduction
It has been shown in the previous chapters that there are several factors that determine the
corrosion resistance of a coating. The reactive environment, the temperature of exposure, the
type of coating, and coating composition are all important factors to consider when determining
whether a coating is protective or not. In addition, the chemical composition required for a
protective coating differed depending on the technique used to characterize the alloy. Results
from Chapter 2 showed that several weld overlay compositions were protective in the three
gaseous environments when considering the kinetics of corrosion because they showed no
significant weight gains during 100 hours of exposure. This method of selecting protective
coatings has been used a great deal in the past by many researchers in the field of high
temperature corrosion6,8,58,68,98-100. Although this criterion is acceptable for ranking the corrosion
resistance of different alloys, it was seen in Chapter 2 that corrosion kinetics cannot. solely be
used to describe if an alloy or coating is protective, but the corrosion morphology must be
considered as well. Based on these observations, the combination of the corrosion kinetics and
the resulting scale morphologies was used to determine whether a coating was protective in a
gaseous environment. For gas~slag-coating exposures of weld overlays and thermal spray
coatings, kinetic data was not available so microstructural observations were used to rank and
characterize the coatings.
In two of the gaseous environments, the effect of water vapor on the high temperature
corrosion resistance was explored as well. For many years, it has been well documented that
water vapor additions to high temperature corrosion environments is detrimental to the alloy and
results in higher corrosion rates and lower coating lifetimes90,91. Although this phenomenon has
been observed many times, the mechanisms that cause the decrease in the corrosion resistance is
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not well understood. The effect of water vapor in this study was considered to determine if the
critical alloying compositions changed significantly between dry and wet environments, but the
mechanisms behind the change in corrosion behavior with the addition ofwater vapor is currently
being studied.
5.2 Experimental Procedure
Alloys used in this part of the study to simulate weld overlay compositions were cast as
described in Chapter 2. The alloying compositions used in this part of the study can be seen in
Table 10. Alloys with titanium additions were not included in this section of the study because
there were mixed results on the effects of titanium additions on the corrosion behavior of ternary
Fe-AI-Cr alloys. Corrosion experiments were carried out using a Netzsch STA 409 high-
temperature thermogravimetric (TG) balance, which measures changes in weight over time. The
sample preparation was described in the experimental procedure section of Chapter 2. The
specimens were heated at a rate of 50°C/min and were held at 500°C for 100 hours. Water vapor
present in the mixed oxidizinglsulfidizing and the oxidizing environments was injected into the
furnace at a controlled rate. In order to compare the corrosion behavior of alloys in wet and dry
environments, the mixed oxidizinglsulfidizing and the oxidizing environments were used, but no
water was injected into these environments to obtain the dry conditions. All ofthe gases used in
this part of the study can be seen in Table 11. The sulfur and oxygen partial pressures were
calculated for the gases using the HSC Chemistry program39• A JEOL 6300 Scanning Electron
Microscope (SEM) was used to obtain surface images. Samples were observed with a 17mm
working distance and accelerating voltages of 5keV. SEM surface images were used with an
imaging program to obtain area fractions. The gas-slag-metal experimental setup was·described
in detail in the experimental procedure section of Chapter 3. LOM images were taken with an
integrated camera on a LECO digital imaging system. The internal corrosion scales observed in
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non-protective alloys were measured using an imaging program interfaced with a Light Optical
Microscope.
Table 10 - Approximate alloy compositions used for gaseous and gas-slag-metal corrosion
testing (wt%).
Alloy Designation Fe AI Cr
Fe-7.5AI Bal. 7.5 -------
Fe-7.5Al-lCr Bal. 7.5 1.0
Fe-7.5AI-2Cr Bal. 7.5 2.0
Fe-7.5Al-5Cr Bal. 7.5 5.0
Fe-lOAI Bal. 10.0 --------
Fe-10Al-1Cr Bal. 10.0 1.0
Fe-10Al-2Cr Bal. 10.0 2.0
Fe-10AI-5Cr Bal. 10.0 5.0
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Table 11- Wet and dry gas compositions used for gaseous corrosion testing (voI.%).
Wet Mixed Dry Mixed
Wet Dry
Gas Sulfidizing Oxidizing! Oxidizing!
Oxidizing Oxidizing
Component Environment Sulfidizing Sulfidizing
Environment Environment
Environment Environment
O2 ------- -------- .._..----- 2 2
CO 15 10 10 ------- --------
CO2 -------- 5 5 15 15
H2 3 -------- -------- ------- --------
H2O ------- 2 ------- 6 --------
H2S 0.12 0.12 0.12 ------- --------
S02 -------- -------- -------- 0.12 0.12
N2 BaI. BaI. Bal. Bal. Bal.
LogPo2 -28 -19 -20 -2 -4
. LogPs2 -6 -8 -8 -46 -46
5.3 Results and Discussion
5.3.1 Gaseous Environments
. Kinetic experiments were carried out for alloys exposed to the sulfidizing environment,
the wet mixed oxidizinglsulfidizing environment, and the wet oxidizing environment. The
specific kinetic results for these three environments are reported in Chapter 2. The total weight
gains that occurred over 100 hours of exposure in each of these environments were used along
with each alloy composition in an attempt to find the compositions required to prevent high
corrosion rates. Regression analysis was performed on the alloy compositions to determine if
134
there were critical alloying concentrations needed to prevent large weight gains during 100 hours
of exposure. The regression analysis results indicated that an alloying. content factor could be
obtained combining the aluminum and chromium compositions. The coefficient for the
aluminum concentration was given as approximately 1, and the coefficient for the chromium
concentration was reported to be approximately 0.5. This led to the alloying content factor of:
F =(wt"IoAI) +0.5(wt"IoCr) (17)
The alloying content factor for each alloy used in this part of the study ~an be seen in
Table 12. The alloying content factor for each alloy was plotted against total weight gains after
100 hours of exposure to the sulfidizing, the wet mixed oxidizinglsulfidizing, and the wet
oxidizing environments and can be seen in Figure 61. From this figure it can be seen that below
the alloying content factor of 10 significant weight gains were observed, but above 10 no weight
gains were observed in all three gasses and alloys in this alloying range seemed protective. It was
therefore concluded that according to the kinetic results alone there is a critical alloying content
factor of 10 needed to prevent significant corrosion weight gains from occurring during 100 hours
ofexposure.
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I Wet Mixed Oxidizing/Su ltidizing
Gas
A Wet OxidizIng Gas
13.0
Table 12 - Alloying Content Factors for each alloy used in the study.
Alloy
F =(wt%Al) +O.5(wt%Cr)
Designation
Fe-7.5Al 7.5
Fe-7.5Al-1Cr 8.0
Fe-7.5AI-2Cr 8.5
Fe-7.5Al-5Cr 10.0
Fe-10Al 10.0
Fe-10Al-1Cr 10.5
Fe-10Al-2Cr 11.0
Fe-10AI-5Cr 12.5
Weight B1ln VB. Alloying Content
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Figure 61 - Total weight gain after 100 hours ofexposure plotted against the alloying content
factors for each alloy.
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Although this is a good indication as to what alloying compositions are required to
prevent high weight gains in the three environments, it has been shown in Chapter 2 that kinetic
data alone cannot be used to determine if an alloy is protective. The scale morphology was
therefore considered as well to help determine alloying concentrations needed to obtain a
protective coating. Figure 62 shows the nodule area fractions for alloys exposed to the
sulfidizing, the wet mixed oxidizingfsulfidizing, and the wet oxidizing gases. This figure
indicates that an alloying content factor of 10 was required to significantly decrease the amount
of surface area covered by external nodule growth. Considering the wet mixed
oxidizinglsulfidizing environment, it can be seen that there were still nodules present on the
surface for the Fe-10AI-1Cr (F=10.5) and the Fe-10AI-2Cr (F=11.0) alloys, but nodules are no
longer present on the Fe-lOAI-5Cr alloy (F=12.5). It was therefore concluded that although the
alloys demonstrated no weight gains and the amount of surface area covered by external nodules
significantly decreases in all three of these environments above F=lO, an alloying content factor
of 12.5 is required to ensure that the coating maintains a passive layer and is protective through
100 hours of exposure in the sulfidizing, the wet mixed oxidizingfsulfidizing, and the wet
oxidizing environments.
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Figure 62 - Nodule area fraction plotted against the alloying content factors for each alloy.
5.3.2 Gas-Slag Environments
Several alloys were tested in gas-slag environments where the slag was simulated by
placing FeS2 powder in intimate contact with the alloy and exposing the setup to either the mixed
oxidizing/sulfidizing environment (wet only) or the oxidizing atmosphere (also wet only). The
experimental procedure for this setup can be seen in detail in Chapter 3. These samples were
cross-sectioned and polished for light optical observations. Many of the samples contained
substrate corrosion scales~ which were measured. The substrate corrosion .layer thickness for
samples containing 7.5wt«'ilJAI and exposed to the mixed oxidizing/sulfidizing environment can be
seen back in Table 4. Alloys containing IOwt%AI exposed to the. mixed oxidizing/sulfidizing
environment did not contain any measurable substrate corrosion layer. Substrate scale thickness
measurements of samples containing 7.5wt«'IoAI that were exposed to the oxidizing gas while in
contact with the FeS2 powder can be seen back in Table 5. Again, alloys containing IOwfloAI
that were in contacts with the FeS2 powder did not form any measurable substrate corrosion layer.
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In order to further investigate the critical alloying contents required to obtain a protective
weld overlay coating, the substrate corrosion scale thickness measurements were further explored
to determine if the thickness had any alloying dependence. Therefore, the substrate scale
thickness was plotted against the alloying content factors and can be seen in Figure 63. It can be
seen from this figure that the substrate corrosion layer thickness decreases to zero above an
alloying content factor of 10 (with the exception of Fe~10AI~ICr,which showed a significant
substrate corrosion layer after 100 hours of exposure to the oxidizing gas while in contact with
the FeS2 powder). These results are consistent with the gaseous corrosion testing results, which
also showed that an alloying content factor of 10 was required to prevent significant weight gains
and a significant amount ofnodules from forming during 100 hours ofexposure. The two alloys
that had an alloying content factor of 10 were Fe-7.5AI-5Cr and Fe~10Al. In order to completely
prevent nodules from forming on the alloy surface over 100 hours of exposure, it was found that
an alloying content factor of 12.5 was required, which corresponded to the Fe-l0AI-5Cr alloy.
Substrate Corrosion Thickness ¥S. Alloying Content
Gas-Slall"Metal Elperim ents
12.011.010.0
(wt%Al) + 0.5(wt"loCr)
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Figure 63 - Substrate corrosion layer thickness plotted against the alloying
content factors for each alloy.
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5.3.3 Effect of Water Vapor
Mixed OxidizinglSuljidizing Environment
Two alloys were exposed to the mixed oxidizinglsulfidizing with and without the
presence of water vapor. Fe-7.5AI-SCr and Fe-10AI were the two alloys chosen for this part of
the study because they both have an alloying content factor of 10 and lie directly on the border
between protective and non-protective compositions. The kinetic results from these experiments
can be seen in Figure 64. From this figure it can be seen that there was a dramatic change in the
corrosion kinetics of Fe-7.5AI-5Cr when water vapor was removed from the mixed
oxidizinglsulfidizing gas. Fe-7.5AI-5Cr gained on the order of 5mglcm2 during 100 hours of
exposure to the wet mixed oxidizinglsulfidizing environment, but then only gained approximately
0.8mglcm2 when exposed to the dry mixed oxidizinglsulfidizing gas for 100 hours. On the other
hand, the Fe-IOAI alloy showed similar results but with less of a difference in the overall weight
gain. As can be seen in the figure, Fe-10AI gained approximately Imglcm2 when exposed to the
wet mixed oxidizinglsulfidizing gas, but had a weight gain on the order ofO.15mglcm2 during
exposure to the dry mixed oxidizinglsulfidizing gas for 100 hours. These trends, which showed
that the presence ofwater vapor increased the high temperature corrosion kinetics, were expected
from the literature86-91.
When considering the amount of surface area covered by external nodules, it was seen
. that the amount of external nodules present on the surface decreased when the water vapor was
removed from the wet mixed oxidizinglsulfidizing environment. This effect of water vapor on
nodule area fraction can be seen in Table 13, which shows the area fraction covered by external
nodules for the two alloys exposed to the wet and dry mixed oxidizinglsulfidizing environments.
It can be seen from this table that removal of water vapor from the wet mixed
oxidizinglsulfidizing gas resulted in a significant decrease in the area covered by external nodule
growth for both alloys. The Fe-7.SAI-SCr alloy was completely covered by an external scale
140
after exposure to the ·wet mixed oxidizing/sulfidizing atmosphere, but the area covered by an
external scale decreased almost 50% when the water vapor was removed. Similarly for the Fe-
10At alloy, the amount ofarea covered by nodules decreased from 82% in the wet environment to
approximately 2% without the presence of water vapor. Although the amount of surface area
covered by nodules changed with the presence ofwater vapor, the morphology ofthe nodules did
not seem to vary between the samples exposed to the wet and dry mixed oxidizinglsulfidizing
environment as can be seen in Figure 65.
Water Vapor Effects on Weight Gain
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Figure 64 - Kinetic results from samples exposed to the mixed oxidizing/sulfidizing environment
with and without the presence ofwater vapor.
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Table 13 - Surface area fraction covered by external nodules of samples exposed to the wet and
dry mixed oxidizing/sulfidizing environments (%).
Wet Mixed Dry Mixed
Alloy ()xidbdnglSulfidaing ()xidizingiSulfidaing
Environment Environment
Fe-7.5A1-5Cr 100 54
Fe-lOA 82 2
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(a) (b)
(c) (d)
Figure 65 - Scale morphology samples exposed to the wet and dry mixed oxidizinglsulfidizing
environments. It can be seen that there is not a significant difference in the scale morphology
between Fe-IOAI exposed to the wet environment (a) and the dry environment (b). The scale
morphology between Fe-7.5AI-5Crexposed to the wet environment (c) is very similar to the
morphology ofthe alloy exposed to the dry environment (d).
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INTENTIONAL SECOND EXPOSURE
(a) (b)
100 ,lIm
(c) (d)
Figure 65 - Scale morphology samples exposed to the wet and dry mixed oxidizing/sulfidizing
environments. It can be seen that there is not a significant difference in the scale morphology
between Fe-l OAI exposed to the wet environment (a) and the dry environment (b). The scale
morphology between Fe-7.SAI-SCr exposed to the wet environment (c) is very similar to the
morphology of the alloy exposed to the dry environment (d).
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Oxidizing Environment
The same two alloys exposed to the wet and dry mixed oxidizinglsulfidizing atmospheres
were exposed to the oxidizing environment with and without the presence of water vapor. The
kinetic results of these experiments can be seen in Figure 66. It can be seen from this figure that
the effect of water vapor on the corrosion kinetics was consistent with the effect observed on the
same samples exposed to both the wet and dry mixed oxidizinglsulfidizing environments. The
Fe-7.5AI-SCr sample exposed to the wet oxidizing environment gained approximately
O.2mglcm2, but the amount of weight gain decreased by an order of magnitude to approximately
O.02mglcm2 when the water vapor was removed from the gas. Although the overall weight gain
of the Fe-IOAI alloy did not change much between the wet and dry oxidizing environments, the
initial growth kinetics seemed to be a bit more rapid in the wet oxidizing environment up to
approximately 40 hours.
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Figure 66 - Kinetic results from samples exposed to the oxidizing environment with and without
the presence ofwater vapor.
The amount of surface area covered by external nodules again varied depending on
whether water vapor was present in the environment or not. Removing water vapor from the wet
oxidizing environment resulted in a decrease in the amount ofarea covered by nodules, which can
be seen in Table 14. As can be seen in this table, Fe-7.5AI-5Cr showed a dramatic decrease in
nodule area fraction as it decreased from approximately 60% to <1% when water vapor was
removed from the wet oxidizing environment. The Fe-10Al samples also showed a decrease in
the nodule area fraction when water vapor was removed from the environment, but the change
was not as large as seen with the Fe-7.5AI-SCrsamples.
When considering the scale morphology between the wet and dry oxidizing
environments, the external nodules formed on the Fe-7.SAI-5Cr samples in the wet oxidizing gas
were different from the few scattered nodules that could be seen on the sample exposed to the dry
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oxidizing gas. These nodules formed on the Fe-7.5AI-5Cr samples exposed to both the wet and
dry oxidizing environments can be seen in Figure 67. The Fe-IOAI samples exposed to the wet
and dry oxidizing environments formed nodules that had much different morphologies as well.
Figure 68 shows that the nodules formed on the sample exposed to the wet oxidizing atmosphere
formed large nodules over I00f.Ull in diameter, whereas the sample exposed to the dry oxidizing
atmosphere formed very small nodules in sporadic areas on the sample. These differences in the
morphology ofthe nodule corrosion products were consistent with observations made by previous
researchers that water vapor effects the morphology of the non-protective corrosion products that
form once the passive layer breaks down90,91. Although this theory is consistent with results
obtained for alloys exposed to the oxidizing environment, the nodule morphology did not
significantly change when the water vapor was removed from the mixed oxidizinglsulfidizing
environment.
Table 14 - Surface area fraction covered by external nodules ofsamples exposed to the wet and
dry oxidizing environments (%).
Alloy Wet Oxidizing Environment Dry Oxidizing Environment
Fe-7.SAI-SCr 60 <I
Fe-10Al 15 <1
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(a) (b)
Figure 67 - Nodule morphology ofFe-7.5AI-5Cr exposed to the wet (a)
and the dry (b) oxidizing environments.
(a) (b)
Figure 68 - Nodule morphology ofFe-lOAI exposed to the wet (a)
and the dry (b) oxidizing environments.
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INTENTIONAL SECOND EXPOSURE
(a) (b)
Figure 67 - Nodule morphology of Fe-7.5AI-5Cr exposed to the wet (a)
and the dry (b) oxidizing environments.
(a) (b)
Figure 68 - Nodule morphology of Fe-l OAI exposed to the wet (a)
and the dry (b) oxidizing environments.
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5.4 Conclusions
When considering the three criteria used to determine the critical alloying content needed
to obtain a protective weld overlay coating:
• The total weight gain and surface area covered by nodules were considered for
gaseous corrosion samples, while the substrate corrosion layer thickness was
considered for gas-slag-metal corrosion samples.
• An alloying content factor was established by regression analysis and was found
to be: F = (wfIoAI) + 0.5(wfIoCr).
• It was found that an alloying content factor of 10 was required to significantly
reduce the total weight gains and the surface area covered by nodule growth for
gaseous samples tested in a sulfidizing, a mixed oxidizinglsulfidizing, and an
oxidizing environment.
• The same alloying content factor (F=10) was also required to almost completely
eliminate the substrate corrosion layer for samples in contact with FeS2 powder
while exposed to the mixed oxidizinglsulfidizing and the oxidizing environments.
• Although an alloying factor of 10 significantly reduced the amount of corrosion
that occurred on these alloys, an alloying content factor of 12.5 was required to
completely reduce the amount of surface area covered by nodule growth and was
therefore the most protective alloying composition.
• It was therefore concluded that although alloys such as Fe-7.5AI-5Cr and Fe-
10AI (F=10) are the critical compositions needed to reduce the amount of
corrosion that takes place, an alloy with a greater alloying content factor, such as
Fe-lOAI-5Cr (F=12.5), is required to completely prevent corrosion from
occurring at 500°C for 100 hours (as measured by passive layer breakdown and
nodule formation).
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The effect of water vapor was also considered in this chapter, by exposing selected
.samples to wet and dry mixed oxidizing/sulfidizing and oxidizing environments. The results
showed that:
• The presence of water vapor in high temperature corrosive environments increases the
corrosion kinetics (and in tum the overall weight gain) as well as the amount of external
nodules that form on the surface ofthe alloy.
• Water vapor did not seem to have an effect on the nodule morphology formed on alloys
exposed to the mixed oxidizing/sulfidizing environment, but did change the nodule
morphology formed on alloys exposed to the oxidizing environment.
• It was found that the alloy containing chromium (namely Fe-7.5AI-5Cr) was influenced
by the presence of water vapor to a greater extent than the binary alloy (Fe-lOAI). The
influence of water on high temperature corrosion may be due to the shift in the oxygen
partial pressure that occurs when water vapor is removed from the mixed
oxidizing/sulfidizing or the oxidizing environments.
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